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An  exploratory  development  program  was  undertaken  to  formulate  and  develop  a  com¬ 
puterized,  theoretical  model  to  predict  emissions  characteristics  of  gas  turbine  engine 
combustors.  In  support  of  the  model  development,  a  number  of  experimental  studies  were 
conducted  to  provide  information  for  structuring  the  formulation  and  for  guiding  its  refine¬ 
ment.  Direct  support  was  provided  by  three  laboratory  test  programs  and  a  burner  survey 
tesf  program.  The  laboratory  programs  were  incorporated  to  provide  data,  unavailable  in 
the  combustion  literature,  on  reaction  rates  under  realistic  burner  operating  conditions. 

The  survey  program  was  incorporated  to  provide  baseline  emissions  characteristics  for  a 
number  of  existing  gas  turbine  engine  burners  against  which  the  generality  of  the  model  could 
be  assessed.  Indirect  support  of  the  model  was  provided  by  a  comprehensive  test  program 
in  which  component  design  techniques  for  reducing  low-power  emissions  by  controlling  the 
primary-zone  equivalence  ratio  were  evaluated  using  a  research  combustor.  Control  means 
included  air-staging,  fuel-staging,  and  premixing  of  fuel  and  air  prior  to  their  being  intro¬ 
duced  into  the  combustor.  Low  values  of  UHC  concentrations  were  obtained  when  air  staging 
was  used;  CO  concentrations,  however,  remained  relatively  high.  When  fuel  staging  was 
used  both  UHC  and  CO  concentrations  remained  high,  However,  very  low  concentrations  of 
UHC  and  CO  were  achieved  when  fuel  and  air  were  premixed  prior  to  their  being  injected 
into  the  combustor. 
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ABSTRACT 


An  exploratory  development  program  was  undertaken  to  formulate  and 
develop  a  computerized,  theoretical  model  to  predict  emissions  characteristics 
of  gas  turbine  engine  combustors.  In  support  of  the  model  development,  a  number 
of  experimental  studies  were  conducted  to  provide  information  for  structuring  the 
formulation  and  for  guiding  its  refinement.  Direct  support  was  provided  by  three 
laboratory  test  programs  and  a  burner  survey  test  program.  The  laboratory  pro¬ 
grams  were  incorporated  to  provide  data,  unavailable  in  the  combustion  literature, 
on  reaction  rates  under  realistic  burner  operating  conditions.  The  survey  program 
was  incorporated  to  provide  baseline  emissions  characteristics  for  a  number  of 
existing  gas  turbine  engine  burners  against  which  the  generality  of  the  model  could 
be  assessed.  'Indirect  support  of.the  model  was  provided  by  a  comprehensive  test 
program  in  which  component  design  techniques  for  reducing  low-power  emissions 
by  controlling  the  primary-zone  equivalence  ratio  were  evaluated  using  a  research 
combustor.  Control  means  included  air- staging,  fuel- staging,  and  premixing  of 
fuel  and  air  prior  to  their  being  introduced  into  the  combustor.  Low  values  of 
unbumed  hydrocarbon  (UHC)  concentrations  were  obtained  when  air  staging  was 
used;  carbon  monoxide  (CO)  concentrations,  however,  remained  relatively  high. 
When  fuel  staging  was  used  both  UHC  and  CO  concentrations  remained  high.  How¬ 
ever,  very  low  concentrations  of  UHC  and  CO  were  achieved  when  fuel  and  air 
were  promixed  prior  to  their  being  injeoted  into  the  combustor. 
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Description 
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Fuel  droplet  surface  temperature 

Axial  velocity  component 

Tangential  velocity  component 

Internal  mass  addition  flowrate 

Recirculation  mass  flowrate 
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SYMBOLS  (Continued) 
Description 


wt  Rate  of  turbulent  mass  exchange  between  adjacent  stream  tubes 

WCO  Mass  flowrate  of  carbon  monoxide 
WHO  Mass  flowrate  of  un burned  hydrocarbons 

WUV  Mass  flowrate  of  unburned  vapor  fuel 

W  Mass  flowrate  of  partial  equilibrium  products  of  combustion, 

c8h16 

x  Axial  coordinate  direction 

Ax  Axial  distance  downstream  of  air  addition  site 

Y  Transverse  air  jet  penetration  distance 

Yqj  Weight  fraction  of  oxygen  in  ambient  gas 

«  j  Traction  of  recirculation  mas*  How  entering  or  leaving  the  jth 

atreamtubc 

Angle  of  jet  entry 

x  Thermal  conductivity 

M  Viscosity 

p  Density 

*  Equivalence  ratio,  local  KA/sioichiomclricKA 

Subscripts 

8  Bulk  gas  parameters 

c  Air  addition  jet  parameters 

d  Tuel  droplet  parameters 

eq  Equilibrium 

g  Local  gas  parameters 

j  Identifying  the  jth  stream  tub; 

i  Liquid  fuel  parameters 
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SECTION  I 

GENERAL  SUMMARY 


The  first  two  phases  of  work  specified  under  Air  Force  Contract 
F33615-7i-C-i870  have  been  completed.  In  the  first  phase,  a  generalized, 
theoretical  combustor  model  was  developed  for  predicting  concentrations  and  dis¬ 
tributions  of  objectionable  exhaust  emissions  from  and  within  gas  turbine  engine 
combustors.  The  basic  model  has  been  formulated  and  is  currently  applicable 
for  predicting  emissions  generated  during  low-power  operation.  The  model  was 
developed  using  a  building  block  philosophy  wherein  three  portions  of  the  overall 
analysis  were  developed  separately  and  were  then  combined  into  a  single  model 
structure  adaptable  to  the  spectrum  of  current  and  advanced  burners.  The 
modules  composing  the  general  analytical  system  are  a  two-dimensional  stream- 
tube  flowfield  calculation  procedure,  a  hydrocarbon  combustion  kinetics  treat¬ 
ment,  and  a  physical  combustion  formulation. 

To  facilitate  development  of  the  general  model,  three  categories  of  labora¬ 
tory  tests  were  conducted  as  a  part  of  the  first  phase  of  the  program.  These 
tests  provided  information  concerning  fundamental  hydrocarbon  combustion 
mechanisms  directly  applicable  to  the  main  burner  environment.  The  first  test 
program  involved  detailed  probing  in  the  primary  zone  of  a  swirl-stabilized  4T8D 
burner  can  to  obtain  axial  and  radial  distributions  of  unbumed  hydrocarbons, 
carbon  monoxide,  and  local  fuel-air  ratios  to  assist  in  determining  the  val idity  of 
the  overall  model  arrangement  and  in  guiding  model  refinements  where  required. 
The  second  experimental  program  Involved  turbulent  flow  reactor  tesla  to  provide 
realistic  reaction  rate  data  for  hydrocarbons  and  carbon  monoxide  under  condition* 
of  temperature,  concentration,  and  turbulence  level  comparable  to  those  found  in 
combustors  during  low-power  operation.  The  third  experimental  investigation 
involved  low-temperature  hydrocarbon  kinetics  tests,  conducted  in  a  flow  reactor, 
to  provide  information  about  hydrocarbon  oxidation  under  overall  mixture  conditions 
where  strong  exothermic  effect,,  are  excluded. 

Voder  the  Second  phase,  a  comprehensive  experimental  component  investi¬ 
gation  was  conducted  to  define  and  assess  combustor  design  techniques  for  in¬ 
creasing  combustion  efficiency  during  low-power  operation,  consequently,  re¬ 
ducing  the  concent  rations  of  objectionable  emissions.  The  first  and  second  phases 
ctf  work  were  conducted  concurrently}  continuous  Interchange  of  information  between 
the  two  enhanced  the  accomplishment  of  each.  The  objective  of  the  three  basic  de¬ 
sign  techniques  examined  during  the  second  phase  was  to  control  the  primary- sone 
equivalence  ratio  of  the  combustor  over  a  wide  range  of  overall  fuel-air  ratios. 
Variable  airflow  (air  staging!,  variable  fuel  flow  (axial  and  circumferential  fuel 
staging),  and  fUcl-alr  premixing  concepts  were  examined  experimentally  to  assess 
Utelr  capabilities  .or  reducing  the  quantity  of  undesirable  exhaust  emissions.  Low 
concentrations  of  unburned  hydrocarbons  were  obtained  with  combustor  configura¬ 
tion*  incorporating  the  air  staging,  circumferential  fuel  staging,  and  premixing 
concepts.  However,  low*  concentrations  of  carbon  monoxide  were  achieved  only 
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with  those  in  which  the  air-staging  and  premixing  concepts  were  used.  Of  the 
burners  employing  these  two  concepts,  the  premixing  configuration  was  superior, 
producing  but  a  fraction  of  the  carbon  monoxide  generated  by  the  best  of  the  air 
staging  arrangements. 
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SECTION  II 


INTRODUCTION  AND  PROBLEM  DEFINITION 


During  the  past  several  years,  significant  technological  advances  have  been 
realized  in  gas  turbine  engine  combustion  system  design  and  performance.  Ad¬ 
vanced  and  future  primary  combustors  should  have  the  operational  flexibility  to 
accept  wide  variations  in  compressor  discharge  pressure,  temperature,  and  air¬ 
flow  with  minimum  pressure  loss  and  good  design-point,  combustion  efficiency 
while  providing  an  acceptable  exhaust  gas  temperature  profile  into  the  turbine. 

More  recently,  however,  an  additional  requirement  has  been  imposed:  to  reduce 
objectionable  exhaust  emissions. 

Increased  citizen  awareness  of  environmental  issues,  coupled  with  the 
visible  smoke  emissions  from  aircraft  powerplants,  has  brought  substantial 
public  attention  to  aircraft- contributed  pollution.  Although  smoke  by  itself  may 
not  be  harmful,  its  p  :sence  focused  attention  on  the  gas  turbine  engine  as  a 
potential  source  of  additional  pollutants:  the  undesirable  gaseous  emissions 
carbon  monoxide  "30;  unburned  hydrocarbons,  UHC;  and  oxides  of  nitrogen, 

NOx.  Even  thoug.i  turbine  engine- powered  aircraft  contribute  but  a  small  amount 
to  the  over?  !  air  pollution  problem,  these  aircraft  can  become  significant  con¬ 
tributors  in  and  around  high-traffic  airports  and  military  air  installations. 

Of  particular  concern  are  the  relatively  high  levels  of  invisible  emissions 
produce*''  during  part-power  or  low-power  (idle/taxi)  engine  operation.  These 
invisible  emissions  are  principally  UHC  and  CO.  Both  are  nonequilibrium  by¬ 
products  of  the  combustion  process  between  engine  fuel  and  air.  Under  ideal 
thermodynamic  conditions,  neither  should  be  present  as  combustion  products; 
however,  under  low-power  operating  conditions,  the  efficiency  of  current  gas 
turbine  engine  combustors  tends  to  be  low.  Consequently,  thermodynamic  equi¬ 
librium  it  not  attained  during  the  combustion  process  and  objectionable  exhaust 
omissions  are  produced.  Minimizing  ti  »inc  engine  exhaust  pollution  requires 
that  emission  control  and  abatement  techniques  become  a  major  consideration  in 
the  design  and  development  of  future  combustion  systems. 

To  provide  effective  emission  control  without  compromising  required  aero- 
thermodynamic  performance  of  the  combustor,  two  basic  approaches  may  be  con¬ 
sidered.  One  approach  Is  to  conduct  an  extensive  experimental  combustor  develop¬ 
ment  program  involving  the  evaluation  of  many  design  changes  and  variations 
addressed  to  reducing  pollutant  concentrations  without  incurring  system  perform¬ 
ance  wegradation.  Unfortunately,  this  approach  is  often  very  costly  and  time- 
consuming  and  generally  require-,  ultimately,  some  system  performance  com¬ 
promises  and  penalties.  Another  approach  is  to  develop  a  generalized,  analytical 
combustor  model  that  realistically  describes  the  coupled  physical  and  chemical 
processes  occurring  within  the  combustor  and  predicts  the  exhaust  product  con¬ 
centration  and  distribution  produced  by  the  combustion  system  as  a  function  of 
eomouptor  design,  aerothcrmodynam'.os,  and  general  operating  conditions.  Such 
a  model  could  then  become  a  vital  engineering  tool,  permitting  the  designer  to 
assess  the  impact  of  design  changes  for  ex'.  aust  emission  control  of  component 
peiformance  prior  to  initiating  costly  development  testing. 
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An  exploratory  development  program  was  therefore  undertaken  to  formulate 
and  develop  a  computerized  theoretical  model  to  predict  emissions  characteristics 
of  gas  turbiixe  engine  cor  lbustors.  In  support  of  the  model  development,  a  number 
of  experimental  studies  were  conducted  to  provide  information  for  structuring  the 
formulation  and  tor  guiding  its  refinement.  Direct  support  was  provided  by  three- 
laboratory  test  programs  and  a  burner  survey  test  program.  The  laboratory  pro¬ 
grams  were  incorporated  to  provide  data,  unavailable  in  the  combustion  literature, 
on  reaction  rates  under  realistic  burner  operating  conditions.  The  survey  program 
provided  baseline  emissions  characteristics  for  a  number  of  existing  gas  turbine 
engine  burners,  permitting  the  generality  of  the  model  to  be  assessed.  Indirect 
support  of  the  model  was  provided  by  a  test  program  in  which  design  techniques 
for  reducing  pollutant  emission  levels  from  an  annular  research  burner  were  defined 
and  assessed.  Data  from  this  program  served  os  a  guide  for  refining  the  model. 

A  detailed  discussion  of  the  model  development,  laboratory  tests,  and  survey 
tests  is  presented  in  Section  III.  The  annular  burner  test  program  for  evaluating 
design  techniques  is  presented  in  Section  IV.  A  comparison  of  the  exhaust  concen-' 
trations  predicted  for  the  combustor  configurations  examined  in  Phase  II  with  the 
actual  data  obtained  during  the  experimental  evaluation  is  presented  in  Section  V. 

This  report  has  been  physically  arranged  such  that  figures  and  tables  re¬ 
lating  to  a  particular  section  or  subsection  will  be  found  as  cJ  >sely  as  possible  to 
the  written  portion  of  the  section  or  subsection  in  question. 
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A  detailed  discussion  of  the  model  development,  laboratory  tests,  and  survey 
tests  is  presented  in  Section  III.  The  annular  burner  test  program  for  evaluating 
design  techniques  is  presented  in  Section  IV.  A  comparison  of  the  exhaust  concen¬ 
trations  predicted  for  the  combustor  configurations  examined  in  Phase  II  with  the 
actual  data  obtained  during  the  experimental  evaluation  is  presented  in  Section  V. 

This  report  has  been  physically  arranged  such  that  figures  and  tables  re¬ 
lating  to  a  particular  section  or  subsection  will  be  found  as  closely  as  possible  to 
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SECTION  III 


PHASE  I  -  THEORETICAL  FORMULATION 


A.  SUMMARY 

Work  under  Phase  I  of  Contract  F33615-71-C-1870  has  been  completed. 

This  was  an  analytical  and  experimental  effort  to  establish  a  theoretical  com¬ 
bustion  model  for  predicting  low-power  exhaust  emissions  of  unbumed  hydro¬ 
carbons  and  carbon  monoxide  from  gas  turbine  engine  main  burners.  The  items 
of  work  that  were  accomplished  under  Phase  I  are  outlined  in  the  following  para¬ 
graphs. 

1.  Streamtube  Combustor  Model  Development 

A  preliminary  low-power  emissions  concentration  prediction  model  was 
formulated  on  the  basis  of  an  existing  combustor  model.  This  model  was  used 
to  predict  emissions  levels  for  the  proposed  Phase  II  Combustor  A  test  program. 

A  more  comprehensive  analytical  model  for  predicting  concentrations  of 
unburned  hydrocarbons  and  carbon  monoxide  during  low-power  operation  was 
formulated,  programed  for  solution  on  a  digital  computer,  and  developed  to 
functional  status.  The  principal  components  of  this  model  include  a  multistream- 
tube  Internal  flowfield  model,  a  treatment  of  the  physical  combustion  process,  and 
a  treatment  of  hydrocarbon  oxidation  kinetics. 

Exhaust  plane  emissions  survey  measurements  were  obtained  from  advanced 
premixing  and  piloted  swirl  combustor  rigs. 

A  parametric  study  was  conducted  using  the  streamtube  combustor  model 
to  predict  the  influence  of  combustor  inlet  temperature,  pressure,  reference 
velocity,  fuel  injector  type,  and  wall  cooling  layer  on  exhaust  emission  concen¬ 
trations. 

2.  Low- Power  Emissions  Research  Studies 

Chemical  species  concentration  profiles  were  measured  at  three  stations 
within  the  primary  zone  and  at  the  exhaust  of  a  JT8D  can-type  combustor  at 
simulated  idle  and  approach  power  settings.  The  corresponding  gas  temperature 
and  combustion  efficiency  profiles  were  generated  from  these  data. 

Unburned  fuel  and  carbon  monoxide  concentration  profiles  were  measured 
in  a  turbulent  flame  reactor  test  rig.  Test  conditions  were  chosen  to  represent 
combustion  in  a  gas  turbine  engine  burner  at  idle  and  approach  power  settings. 
Measured  values  of  combustion  rate  were  used  to  generate  an  expression  for 
turbulent  mixing-controlled  combustion  rate  as  a  function  of  fuel- air  ratio  and 
inlet  temperature, 

A  series  of  tests  was  conducted  in  an  adiabatic  reactor  test  rig  to  investigate 
possible  hydrocarbon  oxidation  reactions  under  relatively  cool,  fuel-rich  conditions, 
representative  of  wall  quenching  regions.  No  significant  reactions  were  found  to 
occur. 
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3.  Presentation  of  Predicted  Results 

Carbon  monoxide  and  unburned  hydrocarbon  concentration  levels  have  been 
predicted  using  the  streamtube  model  for  a  series  of  combustor  configurations. 
Comparisons  of  predicted  and  experimental  values  are  presented  in  Section  V  for 
the  following: 

1.  JT8D  Probing  Tests 

2.  Phase  Ii,  Combustor  A 

3.  Phase  II,  Combustor  B 

4.  Parametric  Study. 

B.  PRELIMINARY  COMBUSTOR  MODEL 

1.  General 

The  complexity  of  the  generalized  combustor  model,  in  particular  the  flow 
field  calculation  procedure,  prevented  developing  a  functional  computer  program 
in  time  for  application  to  the  early  Phase  II  testing.  Therefore,  a  preliminary 
combustor  model  was  developed  for  use  until  the  generalized  model  was  functional. 
In  addition,  the  preliminary  model  served  as  a  test  vehicle  for  development  of  the 
physical  and  chemical  combustion  mechanisms  prior  to  incorporation  into  the 
streamtube  combustor  model. 

2.  Description 

The  preliminary  low-puwer  emissions  model  was  constructed  by  modifying 
an  existing  three-zone  combustor  model  developed  by  Pratt  &  Whitney  Aircraft 
for  NOx  prediction  (Reference  1).  The  principal  modification  was  to  replace  the 
existing  equilibrium  hydrocarbon  chemistry  with  a  simplified  hydrocarbon  kinetics 
treatment,  combining  kinetic  and  equilibrium  features.  Also,  the  input  to  the 
three-zone  model  was  modified  to  accept  fuel  injection  at  multiple  axial  stations. 

The  principal  elements  of  the  analysis  are  a  combustor  internal  flow  field 
model,  a  fuel  droplet  dynamics  and  vaporization  model,  and  a  treatment  of  finite- 
rate  hydrocarbon  oxidation  chemistry.  The  combustor  flow  field  model  is  shown 
schematically  In  figure  1,  The  primary  zone  consists  of  a  central  recirculation 
zone  (Region  I),  characterized  by  reversed  flow  and  high  levels  of  turbulence  and 
temperature,  and  an  outer  streamtube  of  reacting  flow  (Region  II).  The  dilution 
zone  is  modeled  as  a  single  streamtube  in  which  chemical  reaction  may  occur. 

The  division  between  primary  and  secondary  zones  occurs  at  the  first  row  of 
liner  penetration  jet  holes,  in  accordance  with  experiment  (Reference  2).  By 
considering  the  primary  zone  to  be  divided  into  two  parallel  flowpaths,  a  combina¬ 
tion  of  one-dimensional  analyses  is  used  to  represent  the  salient  two-dimensional 
features.  This  flow  field  treatment  is  applicable  to  conventional  swirl-stabilized 
can  or  mnular  combustor  designs.  Chamber  geometry,  inlet  air  temperature  and 
pressure,  inlet  fuel  flow,  and  axial  airflow  distribution  are  input  quantities. 
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Combustion  Air 


Figure  1.  Schematic  Diagram  of  Aerodynamic  Model  FD  68873 

The  recirculation  zone  boundary  is  determined  by  use  of  the  semiempiricnl 
relationship  developed  in  Reference  3: 


where 


Rr  the  ratio  of  recirculation  zone  boundary  radius  to  com¬ 
bustor  radius,  rr/r 

Mang  ax*n^  ^ux  momentum  leaving  the  swirler 

p  local  gas  density 
V  axial  volumetric  flowrate 
f|  )  denotes  a  functional  relationship 

The  independent  parameter  contained  within  brackets  in  equation  (l)  may  be  ex¬ 
pressed  in  terms  of  geometric  parameters  as  follows: 
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where 


Agw  ~  swirier  flow  area 

CV  swirier  discharge  coefficient 
sw 

6  -  swirier  vane  turning  angle 
r^  swirier  inner  radius 
r2  -  swirier  outer  radius 

Once  the  recirculation  region  has  been  defined,  the  area  between  its  boundary 
and  the  chamber  wall  defines  the  streamtube  region  (Region  II). 

It  is  assumed  that  unburned  combustion  jet  air  and  a  fraction  of  the  Region  II 
mixture  enter  the  recirculation  zone  (Region  I)  at  the  downstream  bounda-y  of  the 
primary  zone.  The  quantity  of  mixture  entering  the  upstream  flow  region  is  deter¬ 
mined  from  an  empirical  correlation.  All  flow  recirculating  upstream  in  Region  I 
Is  assumed  to  enter  Region  II  at  the  swirier  face.  The  combustion  products  from 
Region  I  are  assumed  to  mix  instantaneously  with  the  unbumed  air  entering 
Region  II.  Other  than  these  discrete  input  flow  adjustments  that  account  for  mass 
transfer  between  regions,  there  is  no  interaction  between  the  primary-zone  flow 
regions.  Subscribing  to  the  one-dimensional  nature  of  the  flow  field  treatment, 
air  that  is  added  to  the  combustor  through  liner  holes  is  assumed  to  mix  instan¬ 
taneously  with  the  fluid  within. 

Except  for  Region  I,  the  combustible  mixture  preparation  rate  is  assumed 
to  be  governed  by  the  rate  of  fuel  droplet  vaporization  In  the  presence  of  diffusive 
burning.  It  Is  further  assumed  that  (l)  the  fuel  spray  Is  uniformly  distributed 
across  the  Region  II  streamtube;  (2)  Interaction  between  burning  droplets  Is  In¬ 
significant;  (3)  vaporized  fuel  mixes  Instantaneously  with  the  surrounding  gas- 
phase  mixture,  and  (tj  the  spray  cun  be  adequately  characterized  liy  a  single 
value  of  the  banter  mean  diameter  (SMO).  Fuel  that  enters  Region  I  is  assumed 
to  be  fully  vaporized  and  perfectly  mixed  with  the  airflow  within  Region  l. 

The  fuel  droplet  vaporization  rate  In  Regions  I  and  U  Is  calculated  from  an 
expression  due  to  Wood ,  Lovell.  Rosser,  ami  Wise  (References  I  and  5),  bast'd 
on  local  fuel  and  gas  properties.  The  calculation  procedure  is  essentially  Identical 
to  that  described  in  paragraph  C,  Streamtube  Combustor  Model,  ami  will  not  be 
dcscrltx'd  here.  The  quantity  of  fuel  vapor  that  Is  produced  In  ;Ui  increment  of 
combustor  length,  when  fresh  vapor  Is  mixed  with  the  products  of  combustion  re¬ 
sulting  from  reaction  between  the  preexisting  vaporized  fuel-air  mixture,  is  avail¬ 
able  for  combustion.  In  the  prellminary'modcl,  it  Is  assumed  that  combustion 
occurs  at  local  bulk  mixture  strength,  corresponding  to  complete  mixing  of  all 
vaporized  fuel  and  air  available  at  each  axial  location  in  the  combustor. 

Chemical  reaction  of  the  hydrocarbon  fuel  and  air  determines  the  gas  tem¬ 
perature  and  the  concentration  of  active  combustion  species.  The  hydrocarbon 
chemistry  treatment  contained  in  the  preliminary  model  was  evolved  from  examina¬ 
tion  of  a  series  of  one-dimonslonal  streamtube  calculations  using  the  hydrocarbon 


8 


oxidation  kinetics  system  presented  in  paragraph  C  (table  Q).  Conditions  com¬ 
prising  equivalence  ratios  from  0.5  to  2. 0,  over  an  inlet  temperature  range  of 
800*K  (1400*R)  to  2000* K  (3600  *R)  at  a  pressure  of  2  atm  have  been  studied 
with  the  emphasis  on  the  final  spectrum  of  products.  Examination  of  these 
results  showed  that  the  UHC,  excluding  raw  fuel,  could  be  represented  by  the 
single  species  C2H2.  Examination  of  the  predicted  CO  concentrations  indi¬ 
cated  that,  in  the  primary  zone,  the  levels  were  close  to  equilibrium  values. 

Using  these  conclusions,  the  detailed  hydrocarbon  reaction  system  was  re¬ 
duced  to  that  given  in  table  I.  As  shown  in  this  table,  the  preliminary  hydrocarbon 
system  consists  of  rate-limiting  steps  between  raw  fuel  and  equilibrium  combus¬ 
tion  products,  with  CO  concentrations  assumed  to  be  either  at  equilibrium  or 
frozen.  Rates  of  the  first  two  reactions,  representing  fuel  breakdown  for  both 
lean  and  rich  mixtures  by  O2  and  OH  reactions,  are  the  same  as  those  of  the  Rill 
kinetics  treatment.  A  portion  of  the  reaction  products  are  immediately  equilibrated, 
whereas  the  remainder  are  identified  as  UHC.  The  proportioning  has  been  adjusted 
to  be  consistent  with  the  kinetic  studies  and  experimental  evidence.  The  third  and 
fourth  reactions  represent  the  family  of  UHC  oxidation  reactions  and  also  result 
in  equilibrium  products  of  combustion.  These  reactions  have  global  rates  repre¬ 
senting  the  C2H2  system  as  contained  in  the  full  kinetics  system.  The  equilibrium 
hydrocarbon  thermochemistry  calculations  are  based  on  procedures  due  to  Brinkley 
(References  6  and  7).  Simultaneous  checks  of  the  kinetic  rate  of  change  of  CO  con¬ 
centration  are  then  made.  When  the  kinetic  rate  drops  below  that  required  to  main¬ 
tain  equilibrium,  the  CO  concentration  is  considered  to  be  frozen. 

Tabic  I.  Preliminary  Hydrocarbon  Kinetics  System 

CgHl6  (VAPOR)  +  02  \  1/2  C^H^  *  1/2  [4  UHC| 

C8Hl6  (VAPOR)  ♦  OH  ?  1/2  C8HJ6  ♦  1/2  (4  UHCJ 
UHC  ♦  02  3  1/4  C^H^ 

UHC  ♦  OH  4  1/4  Cglljg 
CO  ♦  OH  3  C02  ♦  11 

kt  7.5*106Tl*5e<‘7400/T‘ 
fc*  3*1  owrleHM°/T) 

*3  2,5  *1 

k4  1QU 

k5  5. 6  x  10**  e(-5-i°0/T) 

NOTES: 

1.  Temperature,  T,  in  *K 

2.  Reaction  rate  constant,  k,  in  cm3 /mole-sec 


Table  I.  Preliminary  Hydrocarbon  Kinetics  System  (Continued) 


CgHi6  ^presents  equilibrium  products  of  combustion  at  the 
local  value  of  FA 

Sudden  freezing  criteria: 
d  (CO]  d  (CO] 


“-=->  ■  •  'C°l«  .  M  “  '“lequil,  t  * 

ICO),  +  4t  =  (CO), 


If 


dt 

d  (CO]  d  (COl 


dt  '  dt 

UHC  Is  assumed  t-'  be  C2H2  in  the  preceding  chemical  equations. 


3.  Phase  II  Predictions 

The  preliminary  low-power  emissions  model  represented  a  first-pass 
attempt  at  a  prediction  model  for  CO  and  UHC.  In  addition  to  support  of  the 
Phase  II  test  program,  it  served  the  purpose  of  identifying  those  areas  where 
model  improvement  was  needed.  The  preliminary  model  was  used  to  predict 
UHC  and  CO  emissions  for  all  configurations  proposed  for  Phase  II  combustor  A 
testing.  Agreement  between  predicted  and  experimental  values  was  not  uniformly 
good,  although  major  trends  were  predicted  correctly. 

A  comparison  of  predicted  and  measured  pollutant  concentrations  with  fuel- 
air  ratio  is  presented  for  Scheme  l - 1 A  of  combustor  A  to  demonstrate  the  capa¬ 
bility  of  the  extended,  preliminary  model.  A  description  of  the  Scheme  1-1 A 
burner  and  test  series  is  presented  later  in  Section  IV. 

Figure  2  compares  predicted  ami  measured  concentrations  for  UHC,  A 
similarity  in  the  rate  of  change  of  CMC  concentration  with  ftiel-air  ratio,  FA,  is 
evident  in  this  figure.  However,  if  the  predicted  curve  were  shifted  to  the  left 
by  an  FA  increment  of  approximately  0.004,  much  better  agreement  would  be 
obtained;  the  measured  and  predicted  curves  would  nearly  coincide. 

A  possible  justification  exists  for  shilling  the  predicted  curve  toward  the 
left.  The  preliminary  combustor  model  predicts  that  the  Scheme  1-1 A  combustor 
will  not  remain  lit  below  an  FA  of  0. 005.  In  actual  rig  testing,  this  combustor 
bad  a  lean  blowout  FA,  LttO,  of  0.0014.  The  difference  between  the  predicted 
and  measured  lean  blowout  fuel-air  ratios  is  approximately  0.004.  The  difference 
in  operational  limits  suggests  that  the  model  is  simulating  a  combustion  process 
with  an  unrealistically  low  local  FA  In  the  primary  zone.  Indeed,  it  would  not  be 
possible  for  the  combustor  to  operate  .  t  values  erf  FA  approaching  0. 004  If  local 
values  Of  equivalence  ratio  corresponding  to  those  predicted  by  the  model  did, 
in  fact,  exist.  Consideration  of  the  ftiel  vapor-air  mixing  mechanism  incorporated 
in  the  preliminary  model  supports  this  proposition. 

In  the  preliminary  model,  it  was  assumed  that  vaporised  fuel  mixed  instan¬ 
taneously  with  all  of  the  air  that  was  admitted  to  the  primary  xooc.  This  is  not 
especially  realistic.  A  more  plausible  situation,  which  is  incorporated  in  the 
general  combustor  model,  considers  conditions  in  the  primary  zone  to  be  largely 
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nonhomogeneous,  with  regions  of  very  high  and  very  low  fuel  concentrations  in 
evidence.  The  heterogeneous  conditions  provide  local  equivalence  ratios  suf¬ 
ficiently  high  to  sustain  combustion  at  lew  overall  values  of  FA. 


Figure  2.  Comparison  of  Measured  ami  Predicted  DF  99042 
CMC  Concentration  with  Fuel- Air  Ratio 

Figure  3  compares  the  variations  in  measured  and  predicted  concentrations 
of  CO  with  FA.  The  general  shapes  of  the  two  curves  are  similar,  am!  as  observed 
for  CMC,  the  predicted  curve  is  displaced  to  the  right  of  the  measured  data  by  a 
difference  in  FA  of  approximately  0.094.  in  addition,  the  predicted  concentrations 
are  approximately  one  order  of  magnitude  greater  than  the  measured.  The  pre¬ 
dicted  curve  appears  to  be  in  error  because  the  values  of  combustion  efficiency 
that  would  result  if  the  CO  data  were  correct  would  be  well  below  the  values  of 
combustion  efficiency  actually  measured. 
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Figure  3.  Comparison  of  Measured  and  Predicted  OF  90044 
CO  Concentration  with  Fuel- Air  Ratio 


A  possible  explanation  for  the  high  level*  of  CO  concentration  involve*  the  sud¬ 
den  fronting  criterion  that  ha*  been  imposed  a*  an  assumption  in  the  preliminary  com¬ 
bustor  model.  (See  table  I, )  In  the  preliminary  model  no  change  in  CO  concentration 
i*  permitted  when  the  kinetic  rate  of  reaction  drop*  below  that  required  to  maintain  an 
equilibrium  concentration  of  CO.  Experience  gained  in  working  with  the  preHttd.ua ry 
model  has  shewn  that  this  assumption  lead*  to  unrealistic  result*.  For  example,  for 
the  test  point*  presented  in  figure  3,  the  model  predicts  sudden  freezing  of  CO  con¬ 
centration  immediately  downstream  of  the  primary  zone,  to  three  of  the  four  case* 
examined  using  the  prellminrry  model  to  simulate  Combustor  Scheme  t-1  A  tat  fUel- 
air  ratios  of  0.009,  0.012,  and  O.OtS),  this  frozen  condition  was  maintained  for 
the  enUro  length  of  the  combustor,  with  the  frozen  concentration  serving  as  the 
predicted  concentration  of  CO  at  the  combustor  exhaust  plane,  hi  the  fourth  case 
(at  a  fUel-alr  rntio  of  0. 032),  however,  the  kinetic  rate  of  reaction  rose  above 
that  required  to  maintain  equilibrium  at  a  ’ocation  only  1.5  in.  from  the  exhaust 
plane  of  the  combustor.  According  to  the  freezing  criterion,  the  CO  concentra¬ 
tion  immediately  becomes  that  corresponding  to  equilibrium  conditions.  The 
equilibrium  concentration,  however,  has  declined  steadily  with  length  to  a  level 
near  zero  at  the  alt  end  of  the  combustor.  The  preliminary  model,  therefore, 
predicts  that  the  CO  concentration  drops  from  7, 500  ppmv  to  0. 01  ppm*;  at  the 
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exit  of  the  combustor.  This  value  of  0.01  ppmv,  however,  is  an  equilibrium 
value  and  is  not  comparable  to  the  frozen  concentrations  of  2835,  2090,  and 
7653  ppmv  predicted  for  values  of  fuel-air  ratio  of  0. 008,  0. 012,  and  0. 018, 
respectively.  Realistic  exit  concentrations  probably  lie  somewhere  between  the 
frozen  and  equilibrium  values.  Therefore,  for  consistency,  all  predicted  data 
presented  in  figure  3  represent  frozen  CO  concentrations.  For  die  data  point  at 
a  fuel-air  ratio  of  0.022,  the  frozen  concentration  shown  was  predicted  by  the 
model  for  a  location  1.5  in.  upstream  of  the  combustor  exit  plane. 

Figure  4  compares  the  predicted  and  measured  variations  in  NO*  concen¬ 
tration  with  fuel-air  ratio  over  the  range  of  conditions  investigated.  The  shapes 
of  the  predicted  and  measured  curves  are  similar.  However,  as  observed  for 
the  UHC  and  CO  cases,  the  predicted  curve  is  shifted  well  to  the  right  of  the 
measured.  And  in  contrast  to  the  UHC  and  CO  cases,  the  predicted  NO*  con¬ 
centrations  are  less  than  those  that  were  measured.  An  explanation  for  this 
could  be  forwarded  based  upon  the  existence  of  nonuniform  fuel- air  ratios  through¬ 
out  the  combustor,  as  opposed  to  the  uniform  fuet-air  ratio  profile  assumed  by  the 
preliminary  model.  The  amount  of  NO*  formed  in  a  non  uniform  system  will  cer¬ 
tainly  exceed  that  formed  In  a  uniform  one. 
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Figure  Comparison  of  Measured  rod  Predicted  OF  9604$ 
NO*  Concentration  with  Fuel-Air  Ratio 
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The  principal  reasons  for  lack  of  agreement  in  particular  cases  were  the 
absence  of  a  wail-quenching  layer  and  the  discontinuous  CO  characteristic  pro¬ 
vided  by  the  freezing  criterion.  In  an  actual  combustor,  the  wall  film  cooling 
layer  freezes  partially  reacted  species  that  enter  the  layer.  In  general,  the 
preliminary  model  tended  to  predict  very  low  exhaust  concentrations  of  CO  and 
particularly  UHC,  despite  high  primary  zone  concentrations.  This  indicates 
that  bulk  gas  quenching  is  not  a  significant  factor  in  low-power  emissions  of  CO 
and  UHC,  and  emphasizes  the  need  for  a  cooling  layer  quench  mechanism  as  in¬ 
cluded  in  the  streamtube  model.  The  CO  mechanism  incorporated  in  the  prelim¬ 
inary  model  produced  order  of  magnitude  variation  in  CO  concentration  as  the 
freezing  criterion  alternated  between  the  frozen  and  nonfrozen  states.  As  a 
result  of  this  behavior,  a  mechanism  providing  kinetic  conversion  from  CO  to 
C02  was  developed  for  the  streamtube  model. 

C.  STREAMTUBE  COMBUSTOR  MODEL 

1.  Conceptual  Approach 

Although  the  preliminary  combustor  model  represents  a  significant  step 
toward  a  realistic  emissions  prediction  model,  several  inherent  deficiencies  make 
the  prediction  of  CO  and  UHC,  In  particular,  difficult.  The  need  for  a  more  localized 
treatment  of  the  internal  aerodynamic  flowfleld  and  for  a  sequence  of  chemical  species 
between  raw  fuel  and  equilibrium  combustion  products  becomes  apparent.  The 
streamtube  combustor  model  was  formulated  with  the  specific  intent  of  remedying 
these  deficiencies. 

The  approach  taken  In  the  development  of  the  low-power  emissions  com¬ 
bustor  model  has  been  to  formulate  mathematical  treatments  for  principal 
physical  and  chemical  mechanisms  that  influence  the  combustion  process,  and 
to  Integrate  these  mechanisms  through  a  sequence  of  thermodynamic  states  ob¬ 
tained  from  the  coupling  of  these  mechanisms  with  the  physical  combustor  Row- 
field.  The  simultaneous  solution  of  the  combustion  rale  mechanisms  and  the 
fluid  dynamics  provides  the  gas  temperature,  flew  velocity,  and  chemical  species 
concentrations  as  a  function  of  position  within  the  combustor,  which,  in  turn,  in¬ 
fluence  subsequent  combustion.  The  principal  elements  of  the  analysis  are  a 
combustor  internal  flowfleld  model,  a  physical  combustion  model,  and  a  treatment 
of  hydrocarbon-air  chemical  kinetics. 

The  primary  objective  of  the  modeling  effort  was  to  develop  an  engineering 
tool  to  assist  in  the  design  and  development  of  low-emission  combustor  hardware. 

For  this  reason,  the  analysis  must  include  sufficient  detail  to  draw  3  correspond¬ 
ence  between  the  combustion  process  and  combustor  geometry,  fuel  injection 
characteristics,  and  engine  operating  conditions.  Development  of  individual  sub¬ 
models  and  combination  in  modular  fashion  allowed  the  requisite  detail  to  be  in¬ 
corporated  in  a  tractable  mathematical  analysis.  A  necessary  constraint  on  the 
degree  of  complexity,  however,  was  that  the  resulting  analytical  model  must  be 
practical  in  terms  of  computer  time  required  for  routine  engineering  use. 


2,  Description  of  the  Combustor  Model 

a.  Internal  Fiowfield  Model 

The  combustor  fiowfield  model,  with  input  quantities  of  chamber  area  as 
a  function  of  axial  distance,  inlet  air  temperature,  pressure,  and  axial  location 
of  air  addition  sites  defines  the  physical  system  upon  which  the  gas  dynamic  and 
combustion  rate  calculations  were  based.  The  experimentally  determined  internal 
fiowfield  for  a  conventional  swirl-stabilized,  can-type  combustor  is  shown  in  fig¬ 
ure  5.  The  fiowfield  is  seen  to  include  a  region  of  highly  turbulent*  reversed  flow 
in  the  front  of  the  chamber,  surrounded  by  a  region  of  relatively  uniform  down¬ 
stream  flow.  The  forward  region  including  the  recirculating  flow  is  designated 
the  primary  zone  and  the  downstream  region,  the  secondary  or  dilution  zone. 

The  primary  zone  serves  the  purpose  of  stabilizing  the  combustion  process. 

Liquid  fuel  is  conditioned  for  burning  and  combustion  is  largely  completed  in 
this  zone.  The  mixture  of  high-temperature  combustion  products  and  reactants 
leaving  the  primary  zone  continues  to  bum  and  subsequently  is  mixed  with  dilution 
air  in  the  secondary  zone  to  provide  a  suitable  temperature  profile  for  entrance 
to  the  turbine. 
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HgureS.  Primary- Zone  How  Pattern  Observed  in  Pi)$g733A 
Can* Type  Combustor  (Kefercncc  2i 

The  combustor  fiowfield  model  employed  in  the  present  analysis  is  shown 
schematically  in  figure  6  for  the  case  of  a  can-type  combustor.  The  two-dimen¬ 
sional  internal  fiowfield  has  been  approximated  by  a  set  of  coannular*  one- 
dimensional  reacting  xtreamtubes.  The  recirculation  zone  boundary,  enclosing 
region  .  oefinc*  the  location  and  size  of  a  zero  net  flow,  one- dimensional 
streamtebc  representing  the  r  circulating  flow.  The  recirculation  zone  boundary 
has  the  physical  significance  of  separating  the  net  upstream  and  downstream  por¬ 
tions  of  the  primary- zone  airflow.  Air  entering  the  front  of  the  combustor  is 
assigned  to  the  main  flow  stir;  mfubes  on  an  equel  hast*.  Downstream  combustion 
and  dilution  jet  air  is  apportioned  to  the  streamtuhes  by  means  of  a  jet  penetration 
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and  mixing  model  described  later.  Ail  wall  cooling  air  is  assigned  to  the  outer 
streamtube  that  begins  at  the  first  cooling  air  addition  site.  The  airflow  dis¬ 
tribution  to  combustion  and  cooling  holes  is  specified  as  model  input.  The  stream- 
tube  boundaries  are  defined  by  inner  and  outer  radii  and  are  computed  as  dependent 
variables.  The  outermost  streamtube  is  bounded  by  the  location  of  the  chamber 
wall,  which  is  provided  as  input. 


Figure  6.  Schematic  Diagram  of  Internal  Flowfield  FD  66734A 
Streamtube  Model  for  Can-T^PO  Combustor 


The  applicability  of  the  model  to  particular  combustor  types  is  determined 
by  the  flowfield  analysis,  and  includes  can  and  annular  configurations  that  are 
adequately  described  by  a  radial  array  of  one-dimensional,  coannular  stream- 
tubes,  symmetric  about  the  geometric  combustor  axis.  The  recirculation 
region (s)  may  either  be  symmetric  about  the  combustor  axis  or  be  symmetric 
about  individual,  regularly  spaced  axes  themselves  symmetrically  arranged  about 
the  combustor  axis.  In  the  latter  case,  transition  to  the  annular  streamtube 
arraignment  is  made  at  the  end  of  the  recirculation  region.  The  can  and  annular 
versions  of  the  model  arc  currently  limited  to  four  and  seven  streamtubes,  re¬ 
spectively. 


The  steady-state,  one-dimensional  analysis  of  the  flow  in  a  streamtube  for 
the  downstream  direction,  x,  is  obtained  by  solving  the  equations  for  conservation 
of  mass,  momentum,  and  energy.  It  is  assumed  that  wall  friction,  drag  of  internal 
bodies,  gravity  forces,  and  external  heat  exchange  are  negligible.  With  these  as¬ 
sumptions,  and  considering  the  list  of  symbols,  presented  at  the  beginning  of  this 
report,  the  differential  equations  for  continuity  and  linear  momentum  for  the  jtb 
streamtube  bounded  by  Rj  and  Rj-i*  may  be  written  as  shown  in  equations  3  and  4. 


dw 
_ o 

dx 


J 


(3) 
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The  equation  of  state.  P  -  P/RT,  is  employed  to  express  dp/dx  in  terms 
of  dP/dx  and  dT/dx  in  equation  3.  In  the  case  of  a  nonswirling  flowfield,  static 
pressure  is  uniform  in  the  radial  direction.  For  nonzero  inlet  swirl,  additional 
conservation  equations  for  angular  momentum  and  radial  equilibrium  are  written 
for  the  jth  streamtube.  They  are  shown,  respectively,  as  equations  5  and  6. 

j  dw. 

S  (Pi  ui A)  CPi  TOj>  P,  vi  AJ  +  *r  .  ,  .  <CPj-l  T°i-1  -  CPJ  Toj>  *  (5) 


+  dX  jtj  +  1  (CPj4-l  TOj+l  -  CPj  TOj) 


r  (Rj  +  Rri>i 


dx  . 


(6)  . 
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In  the  structuring  of  the  computational  procedure,  the  requirements  for 
conservation  of  energy  are  realized  through  a  series  of  species  conservation 
equations  that  together  specify  the  enthalpy  of  combustion.  Because  of  the  nature 
of  the  hydrocarbon  thermochemistry  model,  combustion  enthalpy  is  determined 
by  the  quantity  of  fuel  that  has  reacted  to  form  partial  equilibrium  products  of 
combustion.  This  reacted  fuel  flow  is  expressed  in  terms  of  the  local  stream- 
tube  FA,  as  shown  in  equation  7. 

rs 

....  dW.  dw.  dw. 

<piVi>  -ft- ,  V-  ♦  *r . , .  <«y .  -  F*j» ♦  dT .  H ,  •  <’> 

dw 

'  (,'  Vi  ■  ,''Ai»  -  *'Ai  dT  . 


where  Wj  represents  fuel  mass  that  has  reacted  to  partial  equilibrium  products 
of  combustion  at  the  local  fuel-air  ratio,  and  FAj  Wj/(Pj  UjAj).  Additional 
equations  for  the  conservation  of  unburned  fuel  vapor  (WUV),  unburned  hydro¬ 
carbons  (WHO),  and  carbon  monoxide  (WC’O)  mass  flow  complete  the  specifica¬ 
tion  of  combustion  enthalpy  at  each  streamtube  location  x: 
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dwuv: 

dWUV. 

1 

dW.  dWHC.  dw.  1 
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/ 
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dx 
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dWHC 
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dw 

tl  /  whcm 
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dx 
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dx 
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\ 
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1 

The  rate  of  change  of  WUV  with  time  is  determined  from  the  fuel  droplet  vaporiza¬ 
tion  rate  expression  discussed  later.  The  time  derivatives  of  the  species  W,  WHC 
and  WCO  are  obtained  from  the  hydrocarbon  thermochemistry  system,  which  is 
described  in  detail  later. 


A  calculation  procedure  has  been  devised  to  determine  the  rate  of  transfer 
of  mass,  momentum,  and  energy  between  the  recirculation  zone  and  the  outer 
streamtubes.  With  the  definition  of  a  mass  flowrate,  wr,  representing  entrain¬ 
ment  flow  entering  or  leaving  the  recirculation  region,  the  conservation  equations 
(continuity,  linear  momentum,  and  energy)  for  region  ®  may  be  written  as  fol¬ 
lows: 


d_ 

dx 


(Pi  Ax) 


dx 


j  dR- 

^(PlAl)  +  2TP2Rlir  + 


l) 


1  dx 


dw„ 

EVjit 


wr<  0 

wr  >  0 


(ID 


(12) 


(13) 
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where  wr  has  been  defined  to  be  positive  for  mass  entering  the  recirculation  zone 
and  Qjdwr/dx  defines  the  fractional  exchange  rate  with  streamtube  j.  Entrain¬ 
ment  exchange  with  the  outer  stream  tubes  requires  that  terms  including  dwr/dx 
in  equations  11  and  12  be  applied  to  equations  3,  4  and  7  in  the  proportion  a  j  such 
that  total  entrainment  mass  flow  is  conserved.  Experience  has  shown  that  satis¬ 
factory  results  are  obtained  when  entrainment  flow  is  uniformly  exchanged  with 
all  outer  streamtubes,  with  the  exception  of  the  wall  cooling  streamtube(s).  The 
current  recirculation  zone  model  gives  the  most  satisfactory  results  when  a  con¬ 
stant,  stoichiometric  fuel- air  ratio  is  assumed  for  region  ®  ,  as  expressed  by 
equation  13. 

Specification  of  the  recirculation  boundary,  Ri(x),  allows  the  computation 
of  wr  as  an  additional  dependent  variable.  However,  for  arbitrary  recirculation 
zone  size,  the  computed  entrainment  flow  may  not  be  consistent  with  the  required 
boundary  conditions  that  the  recirculation  zone  contain  zero  net  mass  flow  and 
that  the  axial  recirculation  velocity,  U^,  approach  zero  at  the  upstream  and  down¬ 
stream  limits  of  the  recirculation  zone  envelope.  By  expressing  the  recirculation 
zone  boundary  in  functional  form,  R^  -  f(x),  it  is  possible  to  iterate  on  zone  length 
until  the  boundary  conditions  are  satisfied.  Satisfactory  results  have  been  ob¬ 
tained  employing  elliptical  zone  contours  following  the  work  of  Reference  8.  With 
this  treatment  of  recirculation  entrainment,  both  recirculation  zone  size  and  magni¬ 
tude  of  recirculation  flow  may  be  computed  as  dependent  variables. 

Turbulent  mixing  between  adjacent  streamtubes  may  be  expressed  in  terms 
of  a  rate  of  mass  exchange  between  the  streamtubes,  wj.  The  change  in  momentum 
resulting  from  this  mass  exchange  may  be  related  to  the  Reynolds  shear  stress 
acting  at  the  boundary  between  the  streamtubes 


r A  =  (Uj  -  Uj_x)  wt, 

where  A  =  2  it  Rj_  jdx,  The  Reynolds  stress  may  be  expressed  in  terms  of  the 
turbulent  eddy  viscosity  coefficient,  such  that 

T  =fXt  (dU/dR)  SMt(Uj  -  UH)  Tj  -  rj_!)“l. 


where  rj,  rj_i  are  internal  streantube  radii  corresponding  to  the  "half-jet" 
approximation,  /uj  may  be  related  to  local  flow  quantities  by  an  expression 

it.  .  r-. _ 


the  form 


Mt  Pkb  Uniax  -  Umin 


where  k  is  an  empirical  constant  fitted  to  experimental  mixing  data  for  two- 
dimensional  turbulent  jets,  and  b  is  proportional  to  the  width  of  the  mixing 
region  (Reference  9).  With  appropriate  selection  of  the  eddy  viscosity  model, 
the  rate  of  mass  exchange  between  adjacent  streamtubes  is  written: 


The  rate  of  external  air  addition  to  the  streamtubes  defining  the  ii  ;emal  flowfield, 
wc,  is  determined  from  a  jet  penetration  and  mixing  model.  With  reference  to 
figure  7,  a  transverse  jet  is  assumed  to  enter  the  combustor  with  negligible 
momentum  in  the  streamwise  direction.  In  the  process  of  mixing  with  the  stream- 
tube  flow,  the  jet  is  turned  in  the  downstream  direction  and  is  accelerated  up  to 
the  local  stream  velocity.  The  trajectory  of  the  jet  centerline  at  the  point  of 
uniform  velocity  defines  the  jet  penetration.  An  empirical  correlation  is  used  to 
express  the  penetration  of  a  single  transverse  jet  in  terms  of  local  jet  and  main¬ 
stream  flow  properties  (Reference  10): 


(15) 


where  the  subscript  B  denotes  bulk-averaged  streamtube  velocity  and  density. 

The  jet  cross-sectional  area  is  computed  with  the  assumption  that  jet  pressure 
is  equal  to  the  local  stream  pressure.  If  the  shape  of  the  fully  developed  jet 
cross  section  is  assumed  to  be  an  ellipse  with  ratio  of  major  to  minor  axes  of  5:1 
(Reference  11),  the  jet  cross  section  is  located  with  respect  to  the  streamtube 
boundaries  by  the  local  value  of  penetration  distance,  Y(Ax).  Jet  air  addition  to 
the  jth  streamtube  is  proportional  to  that  fraction  of  the  jet  cross-sectional  area 
intersected  by  the  streamtube  boundaries  located  at  Rj_i  and  Rj.  The  jet  is 
assumed  to  be  fully  mixed  with  the  respective  streamtube  flows  at  a  position 
Ax  =  10  Dc  downstream  of  the  air-addition  site,  following  the  assumption  of  full 
penetration  in  that  distance.  Jet  air  addition  rate  is  specified  as  a  sine  function 
of  axial  distance  over  the  mixing  length,  as  shown  in  equation  16: 


wc(x) 


w 


w _ 

2  10D„ 


sin 


(16) 
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Figure  7.  Transverse  -  Jet  Penetration  Model  PD  60736A 
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b.  Physical  Combustion  Model 

The  rate  of  combustion  of  liquid  fuel  is  governed  by  the  respective  rates 
of  fuel-droplet  vaporization  and  mixing  of  vaporized  fuel  and  air  in  the  presence 
of  diffusive  burning.  It  is  assumed  that  fuel  droplets  are  uniformly  distributed 
within  a  streamtube,  that  interaction  between  burning  droplets  is  insignificant, 
and  that  the  fuel  droplets  within  a  given  streamtube  are  adequately  described  by 
a  single  value  of  Sauter  mean  diameter  (SMD).  The  fuel  droplet  vaporization 
rate  for  burning  droplets,  dWUV/dt,  is  calculated  from  the  following  expression 
due  to  Wood,  Lovell,  Rosser;  and  Wise  (References  4  and  5): 


dWUV 

dt 


d  g 


In 


(17) 


Equation  17  is  based  on  assumptions  of  spherical  symmetry,  steady-state  condi¬ 
tions,  independence  of  transport  properties  on  temperature  and  composition,  and 
negligible  radiation  effects.  The  liquid  surface  temperature,  T^  ,  is  taken  to  be 
the  ASTM  50%  distillation  point  in  accordance  with  the  conclusions  reached  in 
Reference  5  for  multicomponent  fuel  b)  ends.  Equation  17  is  multiplied  by 

1.0  +  0.276  Re1/2  Prl/3 


where  the  Reynolds  number  is  given  by 

RHvud  lDd  V"* 

and  the  Prandtl  number  by 

Pr-cpgVxg 

to  account  for  convection  (Reference  12), 


Since  the  fuel-droplet  velocity  typically  differs  from  that  of  the  streamtube 
flow,  acceleration  or  deceleration  of  the  droplet  because  of  aerodynamic  drag  must 
bo  included.  This  is  accomplished  by  including  a  drag  force  term  in  the  droplet 
momentum  equation.  The  resulting  differential  equation  for  droplet  velocity  is: 


(18) 


The  drag  coefficient  is  calculated  from  one  of  the  following  equations,  depending 
on  Reynolds  number  (Reference  13): 


CD  27  Re"0,84;  0  <  Re  £  80 
CD  -  0.271  Re0,217;  80  <  Re  £  104 
CD  2.0;  104  <  Re 


(10) 


Initial  values  of  mean  droplet  size  and  injection  velocity  arc  determined 
from  fuel-injector  characteristics.  Initial  fuel  mass  distribution  among  the 
streamtubes  is  specified  as  model  input.  Separate  droplet  vaporization  equa- 
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tions  were  written  for  each  streamtube  containing  liquid  fuel.  Fuel  that  enters 
the  recirculation  zone  is  assumed  to  be  fully  vaporized  ..id  mixed  with  the 
region  (l)  airflow. 

In  keeping  with  the  physical  droplet  burning  mcK.  il  represented  by  equa¬ 
tion  17,  fuel,  once  vaporized,  is  assumed  to  react  in  stoichiometric  proportion 
with  the  surrounding  air  in  the  streamtube.  The  computation  of  streamtube 
aerodynamic  parameters,  however,  is  based  on  bulk-mixture  conditions  at  all 
times.  In  the  case  of  premixed  fuel  and  air,  combustion  occurs  at  the  injected 
mixture  proportions.  Combustion  of  injected  fue1  vapor  cr  partially  evaporated 
fuel  droplets  is  assumed  to  occur  on  a  stoichiometric  basis  as  above. 

c.  Hydrocarbon  Thermochemistry  Model 

The  quantity  of  fuel  vapor  produced  in  ar  increment  of  combustor  length, 
when  added  to  the  preexisting  fuel-air  combustion  product  vapor  mixture  at  that 
axial  station,  is  available  for  combustion.  Chemical  reaction  of  the  hydrocarbon 
fuel  and  air  determines  the  gas  temperature  and  concentration  of  active  combus¬ 
tion  species.  The  degree  of  completion  oi  the  combustion  reactions  determines 
the  exhaust  concentration  of  CO  and  UI1C .  The  number  of  possible  reactions  in¬ 
volved  in  the  breakdown  of  hydrocarbon  .Viols  is  extremely  large,  and  few  have 
been  investigated  with  respect  to  their  rates.  It  is,  therefore,  convenient  to 
assume  that  fuel  breakdown  to  elemental  species  occurs  in  a  small  number  of 
global  steps.  The  hydrocarbon  kinetics  system  investigated  in  the  present  study 
is  shown  in  table  II.  As  represented  uy  this  mechanism,  the  complex  oxidation 
of  hydrocarbon  fuel  is  viewed  as  occurring  in  three  broad  stages.  The  first 
stage,  represented  by  global  reactions  (1)  through  (3),  produces  light,  unbumed, 
partially  oxidized  hydrocarbons.  The  rate  constants  for  these  reactions  have 
been  adjusted  to  fit  experimental  ignition  delay  data  following  the  approach  of 
Kdelman  and  Fortune  (Reference.  14).  The  hypothetical  aldehyde  intermediate 
(C^HyO)  is  introduced  for  computational  convenience.  The  subsequent  sequence 
of  reactions,  comprising  the  second  stage  of  combustion,  includes  the  principal 
exothermic  recctlons  and  neoouccs  large  amounts  of  HoO  and  CO.  The  particular 
reactions  included  in  the  current  system  art  cons  hie  red  to  represent  families 
of  intermediate  species  *  f  similar  eh  'rnctcr,  The  final  stage  of  combustion  is 
characterized  liy  the  cot-  c  s'on  of  CO  to  COg  via  reaction  (19).  The  reaction  rate 
constants'  have  uccn  taken  f*vm  Referenced  H  through  22  as  Indicated  in  tabic  II, 
with  the  cxccp.  ion  of  reaction  (7),  where  the  rate  has  been  deduced  from  results 
presented  io  References  1>,  through  1$  and  27.  4 P-5  fuel  Is  represented  chemically 
by  the. formulation  although  It  fr  not  meant  to  be  a  true  olefin.  The  thermo¬ 

dynamic  properties  (specific  heat,  heat  of  formation)  for  Cgil}#  are  consistent  with 
thoi>e  of  «h  -5. 


Table  1 1.  Reactions  Constituting  the  Hydrocarbon  Oxidation  Kinetics  System 


Hoaction 

q  .  » i  .1 

Rate  Constant,  cm  -mole  -sec 

Reference 

Source 

(i) 

C8lil6  *  02  2C,|llgO 

ki 

7.5xI0«T1-5c-,!W0/T 

Sec  Text 

(2) 

c4ll90  *  02  II02  -  CO  *  Cl«3  » 

c2h4  k2 

1Qlt  T1.5  c-iOOOO/T 

See  Text 

(3) 

C8H|6  >  OH  «•  H2CO  *  Cll3  »  3C2 

»4  k3 

3  x  lo‘»  T  o-'l500/T 

See  Text 
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Reaction 

3  -1  -1 

Rate  Constant,  cm  -mole  -sec 

Reference 

Source 

(4) 

ch3  +  o  h2co  +  11 

k4 

2  x  IO13 

15 

(5) 

Cll3  +  00  ll2CO  +  OH 

k5 

1012 

16 

(6) 

ii2CO  *  Oil  !!20  +  CO  Ml 

k6 

1014  o-4000/T 

15 

(7) 

c2h4  +  o2  -  2H2CO 

3  x  iO2  T2*5 

See  Text 

(8) 

C2H4  +  OH  CH3  *  li2CO 

k8  ' 

5  x  IO13  o-30°0/T 

17 

(9) 

Cll3  t  h2  ch4  ♦  II 

k9 

6  x  iOU  C*5500/T 

18 

(10> 

C2II4  c2ll2  *  Ho 

kio 

7  x  l08  e-23250/T 

19 

on 

C2H2  f  OH  CH3  '  CO 

kn 

iO13  x  e‘3500/T 

16 

(12) 

211  *  M  H*  *  M 

k12 

2xlOl8T”V 

M,  19 

<13> 

20  *  M  02  ‘  M 

kl3 

|0n  T*-1 

16,  20 

(Ml 

OH  »  H  *  V*  H.,0  •  M 

kH 

7  x  ioie  rl 

20,  21 

(15) 

It  ‘  O.,  OH  •  o 

mr 

kt5 

2.24  x  iqW  p-8400/T 

21 

(it*) 

O  *  H*»  OH  •  H 
«• 

kie 

1.74  x  IO13  p-4730/T 

21 

(17* 

it  •  h2o  h2  <  OH 

k17 

8,4.1  X  10*3  t»-10050/T 

21 

(181 

O  *  11,0  20H 

kl8 

5.7S  x  IQ*3  p-9000/T 

21 

(19) 

CO  *  OH  C(>2  •  II 

k19 

$.S*1QU  e^40/T 

21 

(20* 

Wx>  *  M  H  *  C>2  ♦  M 

*20 

2.4  x  IO15  e“22®SO/T 

21 

(21) 

liOg  *  M  20H 

k2l 

6  x  IO13 

20*  22 

White*  in  is  felt  that  live  kinetic  mechanism  presen  ttd  in  table-  II  offer#  an 
adequate  representation  erf  the  detailed  hydrocarbon  process,  the  simultaneous 
solution  of  the  system  of  equations  does  not  tend  itself  to  coupling  with  the  strenm- 
lubo  flowfield  model.  In  particular,  computational  step  sixo  moat  be  very  small 
a*  species  equilibrium  Is  approached  resulting  in  excessively  long  computation 
time.  The  approach  taken  in  the  development  of  the  mode*  vra*  to  replace  the 
full  kinetic  mechanism  with  a  reduced  kinetic-partial  equilibrium  system  capable 
of  predicting  those  aspects  erf  the  full  system  behavior  that  are  in«,x>rUM  to  the 
determination  of  exhaust  emissions. 


The  kinetic  mechanism,  presented  in  table  II,  is  readily  solved  for  the 
plug-flow  combustion  of  premixed  fuel  and  air.  The  computed  behavior  of 
selected  intermediate  species  is  shown  in  figure  8  for  the  case  of  a  stoichio¬ 
metric  mixture  at  a  pressure  of  2  atm  and  an  initial  temperature  of  100(FK. 

The  combustion  is  characterized  by  a  period  of  abrupt  change  in  species  con¬ 
centration  corresponding  to  rapid  temperature  rise,  followed  by  a  period  of 
relatively  slow  approach  to  equilibrium.  From  the  point  of  view  of  emissions 
modeling,  the  relatively  slow  post-flame  reactions  are  most  significant,  repre¬ 
senting  the  reaction  of  intermediates  on  a  time  scale  comparable  to  the  combustor 
residence  time.  The  time  spent  in  the  transitory,  rapid  temperature  rise  period 
is  an  order  to  magnitude  less  than  typical  values  of  combustor  residence  time. 

In  addition,  the  ignition  delay  period  for  raw  fuel  can  be  significant  at  lower  mix¬ 
ture  temperatures.  Thus,  a  reduced  system,  which  provides  the  ignition  delay 
ami  post-flame  behavior  of  the  full  hydrocarbon  kinetics  mechanism,  will  ade¬ 
quately  predict  the  influence  of  the  chemical  combustion  rate  on  exhaust  emis¬ 
sions. 


TMI-m 


Figures.  Variation  In  Species  Concentration  with  Ft)  6*57 35 A 
Time  (Stoichiometric  equivalence  Ratio, 

P  *  2  atm.  T(n  100  K) 
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The  behavior  of  the  full  kinetics  mechanism  was  documented  by  performing 
plug-flow  computations  for  a  range  of  initial  temperatures,  pressures,  and  FA. 
This  behavior  war  then  fitted  with  the  reduced  kinetic-partial  equilibrium  mech¬ 
anism  shown  in  table  III.  This  system  provides  for  the  rate-controlled  conversion 
of  raw  fuel-air  mixtures  to  partial  equilibrium  products,  both  directly  (Itj  and  R2) 
and  via  an  unburned  hydrocarbon  intermediate  (R3  through  %).  CO2  has  been  re¬ 
moved  as  an  allowable  species  in  the  partial  equilibrium  state.  Subsequent  con¬ 
version  to  full  equilibrium  products  is  controlled  by  reaction  (%).  The  combus¬ 
tion  product  temperature  and  species  concentrations  are  determiner!  by  interpola¬ 
tion  between  the  partial  ;md  full  equilibrium  states  based  on  (COoj/lCOo)  eq.  It 
should  be  noted  that  this  treatment  of  hydrocarbon  combustion  kinetics  requires 
only  that  carbon  atoms  be  conserved.  Therefore,  with  the  exception  of  reaction 
(Rg),  only  the  characteristic  reaction  products  are  stated  and  no  reverse  reaction 
is  provided.  The  reaction  rate  constants  for  reactions  (Ri),  (Ho),  and  (Rg)  cor¬ 
respond  to  those  given  in  table  U  for  the  same  reactions. 

Reaction  (Rg>  represents  direct  formation  of  light,  intermediate,  unburned 
hydrocarbons  typified  by  Cglf?.  Kxamination  of  results  obtained  from  the  full- 
kinetic  system  indicated  that  Intermediate  ITIC*  appear  in  significant  quantities 
after  about  half  the  original  fuel  is  consumed.  Furthermore,  the  dependence  of 
ITK'  concentration  on  FA  and  inlet  temperature  was  not  simply  related  to  either 
the  OH  or  Oo  equilibrium  concentration.  The  qualitative  behavior  of  the  inter¬ 
mediate  unburoed  hydrocarbons  was  fitted  best  by  relating  tin1  formation  to  (ii|  eq. 
This  reaction  has  no  chemical  significance,  representing  only  a  fit  to  the  observed 
behavior.  The  rate  indicated  in  table  lit  has,  likewise,  been  fitted  to  the  observed 
behavior  of  the  full  system.  Reactions  (Itj)  and  represent  reaction  of  the 
intermediate  ITIC  with  HOj  and  OH  to  partial-equilibrium  products.  The  rates 
indicated  in  table  ill  are  representative  values  for  reactions  Involving  light, 
intermediate  hydrocarbons,  obtained  from  References  It  and  23,  respectively. 
Since  she  species  (IKHj  eq  is  not  provide*!  by  tl>e  equilibrium  chemistry  compu¬ 
tation,  reaction  (Rjl  has  been  written  in  terms  of  10-*}  eq,  with  the  assumption 
that  (O.,)  tq  is  two  orders  of  magnitude  greater  than  nit^j  eq  for  the  conditions 
of  interest.  The  calculation  subroutine  employed  for  the  equilibrium  hydrocar  iron 
thermochemistry  is  based  on  procedures  of  lirinkley  {Refcrcotc*  6  ami  Vi. 

Application  of  the  combustion  model  to  a  computational  pmce*turr  that 
guarantees  energy  conservation  requires  conservation  of  the  contributing  species4 
mass  flowrates,  as  expressed  in  equations  *  through  10.  liquid  fuel  droplets  arc 
vaporised  at  a  rale  dWVV  AH,  determined  from  equations  IV  through  19,  to  form 
fuel  vapor,  ttfV  <  C  *  I  f  1  nvapor > .  ^  hr  rate  of  formation  of  partial  equilibrium 
products  of  comlmsUon  TWj"p,  dVV/dt  in  equation  7,  is  governed  by  fractions  (Rib 
(H-d*  (Rji.  ami  {R5).  The  net  rate  of  un burned  hydrocarbon  formation,  or  deple¬ 
tion,  d\VlR  /d{  in  equation  9,  is  governed  by  reactions  (R3I,  production,  and  (lt|i 
artrj  (Rj),  depletion.  Consequently*  the  net  rate  of  change  of  tmbumed  fuel  vapor 
in  equation  H  is  dWCVAft  -  <WAH  -  dWHC  'dl.  The  rate  of  formation  of  CO  from 
combusting  fuel  Is  proportiwal  toAfwAH,  while  the  rate  of  depletion  Is  governed 
by  reaction  (R^h  These  competing  reactions  determine  the  net  chemical  rate  of 
change  of  IVCP,  dVVCOAlt  in  equation  10.  The  local  CO  concentration  determined 
from  equation  iO,  relative  to  the  equilibrium  level,  specifies  the  local  stale  of 
partial  equilibrium  of  the  burning  mixture,  and,  thus,  the  local  slrcamtubc  gas 
temperature. 
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Table  III.  Ueduced  Hydrocarbon  Oxidation  System 
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3.  Application  of  the  Streamtube  Model 

The  applicability  of  the  model  to  particular  combustor  types  is  determined 
by  the  formulation  of  the  streamtube  flcwfield  analysis.  The  streamtube  model 
is  capable  of  treating  three  basic  combustor  configurations:  (!)  a  can-type  com¬ 
bustor  with  single  axisym metric  recirculation  zone,  either  bluff- body  or  swirl 
stabilized;  (2)  an  annular- type  combustor  with  annular,  bluff-body  induced  re¬ 
circulation  zone;  and  (3)  an  annular-type  combustor  with  multiple  discrete,  swirl 
or  bluff-body  induced  recirculation  zones,  symmetric  about  individual,  regularly 
spaced  axes  themselves  symmetrically  arranged  about  the  combustor  axis. 

These  combustor  configurations  are  treated  by  permutation  of  two  basic 
flow-field  models,  corresponding  to  configurations  (!)  and  (2)  in  the  preceding 
discussion.  Combustor  type  (3)  is  treated  by  applying  model  (t)  on  a  single  re¬ 
circulation  zone  basis  to  the  forward  portion  of  the  combustor  and  applying 
model  (2)  to  the  aft  portion.  In  the  case  of  bluff-body  stabilized  recirculation, 
transition  between  models  occurs  at  the  end  of  the  recirculation  zone.  In  the 
case  of  swirl-stabilized  recirculation,  transition  occurs  when  the  tangential 
velocity  about  the  swirler  axis  has  become  insignificant.  Interaction  between 
adjacent  recirculation  zones  Is  assumed  to  be  negligible.  In  this  manner,  the 
preparation  cf  two  basic  computational  procedures  permits  the  tre^TUent  of  a 
wide  variety  of  geometric  configurations. 

The  can  combustor  streamtube  analysis  consists  of  four  coanuular  stream- 
tubes,  arranged  as  shown  in  figure  6.  How  In  the  outer  three  streamtubes  may 
be  treated  with  or  without  a  swirl  velocity  component  depending  on  the  type  of  re¬ 
circulation  zone  employed  (swirl  or  bluff-body  induced).  Fuel  inject  km  is  limited 
to  a  single  source  located  at  the  recirculation  zone  axis.  Any  type  of  fuel  injec¬ 
tion  is  permitted,  including  prevaperixeo  and  pscous  fuels. 

The  annular  combustor  streamtube  analysis  consists  of  seven  roanmiiar 
strearotubrs,  symmetric  about  the  ^metric  combustor  axis,  twirling  flow  S*» 
not  treated  in  the  annular  system.  Primary- zone  fuel  injection  is  treated  as 
continuous  in  the  circumferential  direction,  coincident  with  the  legation  of  Uk? 
annular  recirculation  zone,  Secondary,  or  downstream  fuel  injection  transverse 
to  the  streamtube  flow  direction  is  also  permitted  in  the  annular  version  of  the 
model. 

I.  Computations!  Procedures 

The  streamtub*  conservation  equations  and  the  physical  and  cl--'  nU.'k  com¬ 
bustion  models  have  been  programmed  (or  solution  on  a  digital  computer  A  sim¬ 
plified  flow'  chart  o*  the  low-power  emissions  prediction  computer  pcogra  n  is 
shown  in  figure  9. 

input  to  the  computer  program  includes  specification  of  combustor  type, 
chamber  area  as  a  function  of  auda!  distance,  inlet  air  temperature,  pleasure, 
axial  location  of  air  addition  sites,  and  fuel  injector  paismcters.  Initial  values 
of  the  independent  end  <icpcndeut  variables  in  each  streamtusc  arc  determin'd 
from  combustor  georradry  and  input  condition*.  brior  tu  beginning  the  calcula¬ 
tion,  a  table  of  gas  temperature  and  chemical  species  cooecniralioos  for  ]«artiai 
equilibrium  (C(>2  excluded*  and  fuel  equilibrium  combustion  Is  generated  as  a 
function  of  f  A,  This  information  is  stored  in  subroutine  VKMF.  Interpolated 
values  of  gas  temperature  and  chemical  species  concentration  ar**  ret  rimed 
during  the  course  of  the  calculation. 
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The  aerodynamic  equations  of  motion  are  written  in  differential  form  for 
each  streamtube.  These  equations,  when  coupled  with  an  equation  describing 
the  recirculation-zone  boundary  and  arranged  in  matrix  form,  constitute  a  set  of 
linear  differential  equations  that  may  be  solved  simultaneously  for  parametric 
derivatives  with  respect  to  x,  These  differentials  are  numerically  Integrated 
over  the  Interval  Ax  using  a  Runge-Kutta  procedure  to  obtain  values  of  parameters 
at  x  +  Ax.  Integrated  values  of  parameters  at  x  +  Ax  are  then  used  to  obtain  new 
derivatives  which  are  integrated  to  yield  values  of  parameters  at  x  +  2  Ax;  this 
procedure  is  repeated  until  the  exit  plane  is  reached. 

Production  of  vaporized  fuel,  chemical  reaction  of  fuel  and  air,  external 
air  addition  and  turbulent  exchange  between  streamtubes  are  evaluated  In  sub¬ 
routines  external  to  the  streamtube  equation  matrix.  Updated  values  of  deriva¬ 
tives  with  respect  to  x  are  provided  at  the  end  of  each  computational  step  for 
integration  in  the  nevt  step.  For  this  approach  to  succeed,  it  Is  necessary  that 
variation  in  parameters  not  included  us  dependent  variables  in  the  differential 
equation  matrix  be  small  across  the  computational  step.  This  arrangement  of 
the  computational  procedure  permits  concentrations  and  flow  properties  of  com¬ 
bustion  product  species  to  bo  calculated  as  a  function  of  position  along  the  individual 
streamtubes  for  fairly  arbitrary  specification  of  the  physical  and  chemical  combus¬ 
tion  models. 

With  reference-  to  the  program  flow  chart  (figure  9),  the  matrix  of  differential 
equations  is  set  up  in  subroutine  Dli'KQl  for  the  can  system  and  DIKKQ2  for  the 
annular  system.  The  matrix  is  then  solved  simultaneously  in  SIMQ  for  the  x- 
dcrivaUvcs  at  each  point  x.  Control  of  the  numerical  Integration  procedure  is 
embodied  In  subroutine  RKihs.  However,  transfer  from  the  can  system  to  the 
annular  system  as  well  as  transfer  from  the  primary  .’tone  tfonr  or  seven  si  ream- 
tubes  >  to  tin*  secondary  /ame  (three  or  six  sfrenmudx’Sl  is  made  in  l.PKPK,  in 
which  overall  control  of  the  calculation  rests.  Subroutines  IT1KM,  TUMP,  UR  top, 
WdKT,  SIMt^,  UKtiS  ansi  PRINT  are  common  to  both  tin4  e:m  and  annular  systems. 

At  each  point  x,  streamtube  gas  velocity,  pressure,  temper  attire,  air  flnw- 
rate.  fA,  rt  circulation  rone  entrainment  flowrate,  fuel  droplet  siie  and  velocity, 
ami  the  mass  flowrates  of  un’sirned  vapor,  reacted  fuel,  VIK%  CO,  and  COj  are 
avail  able  for  printout.  Typical  mmiwH  values  of  pressure,  v<  lenity  ami  stream 
temperature  are  shown  in  figures  10  ami  li  for  a  ran- type  combustor  with  *ero 
inlet  swirl. 

i).  svkvkv  rusnst; 

1.  (hmeral 


"IV  theoretical  combustor  model  development  effort  included  ?.  series  of 
exit  plane  emissions  survey  b-sls  that  were  to  V  conducted  in  three  types  of  ad¬ 
vanced  cnmlmstors:  a  high-performance.  •?wirl-st:;biM*ed  combustor;  a  pre- 
mixed  Combustor;  and  a  piloted-. swirl  coi  dxistor.  The  purpose  of  these  tests 
was  :>.>  establish  baseline  exhaust  emission  characteristics  for  divergent  com¬ 
bustor  type**  ami  tn  assist  in  evaluating  the  generality  of  the  theoretical  model. 
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Figure  10.  Analysis  of  a  Bluff- Body-Stabilized  Can  FD  71 


BURNER  LENGTH  •  in. 


Figure  11.  Cold- Flow  Analysis  of  a  Bluff-Body 
Stabilized  Can  Burner 
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Discussion 


Attempts  to  gain  access  to  an  advanced  development  engine  and  combustor 
rig  v/ere  not  successful  owing  to  priorities  within  that  program.  As  an  alterna¬ 
tive,  emissions  data  obtained  from  current  Pratt  &  Whitney  Aircraft  commercial 
engines  were  substituted.  These  engines  are  fitted  with  conventional  swirl- 
stabilized,  iiquid-fuel-injeetion  can  and  annular  combustors.  A  body  of  such 
data  was  accumulated  under  EPA  Contract  68-04-0027,  Collection  and  Assessment 
of  Aircraft  Emissions  Baseline  Data  -  Turbine  Engines  and  is  available  in  Ref¬ 
erence  24. 

Emissions  survey  data  for  annular  premixed  and  annular  piloted  swirl  com¬ 
bustor  configurations  became  available  during  the  Phase  I  effort  for  model  evalua¬ 
tion  purposes.  Funds  from  Contract  F33615-71-C-1870  were  not  used  to  obtain 
these  data. 

The  premixing  combustor  concept  is  characterized  by  one  or  more  pre¬ 
mixing  passages  upstream  of  the  primary  combustion  zone,  wherein  fuel  is  in¬ 
jected  and  is  partially  vaporized  and  mixed  with  the  primary-zone  airflow.  Burning 
is  stabilized  in  the  wake  of  a  perforated  piate  flameholder.  The  objective  is  to  re¬ 
duce  combustion  heterogeneity  by  reducing  the  impact  of  the  rate-limiting  vaporiza¬ 
tion  and  fuel-air  mixing  processes  on  primary-zone  combustion. 

The  piloted  swirl  combustor  concept  makes  use  of  swirl-induced  flow  insta¬ 
bilities  to  accelerate  mixing  between  hot  pilot  exhaust  gases  and  the  main  com¬ 
bustor  fuel  and  air  flows.  With  this  concept,  substantially  faster  mixing  rates 
are  provided  than  those  obtainable  with  conventional  turbulent  jet  mixing,  allowing 
combustion  to  occur  at  high  velocities  with  no  regions  of  recirculation.  This  more 
rapid  mixing  results  in  increased  sensitivity  of  the  burning  mixture  to  the  addition 
of  dilution  air,  theoretically  permitting  controlled  quenching  for  reduction  of  NOx 
emissions. 

E.  LABORATORY  TEST  PROGRAMS 

1.  General 

A  series  of  three  laboratory  research  programs  were  conducted  to  assist 
in  the  development  of  the  theoretical  low-power  emissions  model.  These  studies, 
which  provided  representative  data  necessary  for  a  practical  solution  to  the  low- 
power  emissions  problem,  consisted  of  the  following: 

1.  JT8D  Burner  Probing  Tests 

2.  Turbulent  Flame  Studies 

3.  Low- Temperature  Hydrocarbon  Kinetics  Studies. 

The  burner  probing  tests  provided  experimental  mappings  of  UHC,  CO, 

CO2,  O2,  N2,  A,  and  H2O  concentrations,  and  temperature  distributions  within 
the  front  end  and  at  the  exhaust  section  of  a  JT8D  burner  at  simulated  idle  and 
approach  conditions.  This  information  assisted  in  the  structuring  of  the  main 
burner  analytical  model  by  providing  a  check  on  the  model  predictions,  A  sec¬ 
ondary  objective  was  to  provide  some  assessment  of  intermediate  species  con¬ 
centrations  in  order  to  verify  the  hydrocarbon  kinetics  scheme.  For  this  pur- 
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pose,  concentrations  of  low  molecular  weight  hydrocarbons  (CII4,  C2HX,  C3H,,.), 

H2,  and  water-soluble  aliphatic  aldehydes  were  measured;  the  latter  species  i 
were  measured  only  at  a  limited  number  of  locations. 

The  turbulent  flame  studies  provided  realistic  reaction  rate  data  for  inclu¬ 
sion  into  the  reacting  streamtube  analysis  of  the  analytical  model.  Reaction  rates 
were  measured  for  the  rate  of  disappearance  of  fuel  and  for  the  rate  of  formation 
of  CO  under  conditions  of  temperature,  concentration,  and  turbulence  that  are 
typical  of  gas  turbine  engine  combustors  at  low-power  operation. 

The  low-temperature  kinetics  studies  provided  reaction  rate  data  for 
vaporized  fuel  and  CO  under  overall  mixture  conditions  where  strong  combustion 
does  not  occur. 

Such  mixtures  are  characterized  by  high  fuel  concentrations,  low  oxygen 
concentrations,  and  temperatures  ranging  from  500  to  1300°F.  The  objective 
of  this  testing  was  to  determine  the  extent  to  which  chemical  reaction  under  such 
conditions  is  responsible  for  the  production  of  CO,  UHC,  and  aldehydes  at  low- 
power  operation. 

2.  JT8D  Burner  Probing  Studies 
a.  Description  of  Test  Apparatus  and  Facilities 

The  burner  probing  studies  were  conducted  using  an  existing  JT8D  single¬ 
segment  rig.  The  rig  was  mounted  in  a  closed  duct  test  facility  as  shown  in 
figure  12.  A  JP-5-fired,  single-pass  heat  exchanger  was  used  to  supply  un¬ 
vitiated  air  to  the  test  burner.  Remote  control  valves  upstream  and  downstream 
of  the  test  section  regulated  airflow  and  burner  pressure.  Existing  rig  instru¬ 
mentation  was  used  to  set  inlet  Mach  number,  temperature,  and  fuel  flow.  Burner 
exit  temperatures  were  also  monitored  to  ensure  proper  burner  operation. 

All  sampling  tests  were  performed  with  the  same  JT8I)  Bill-of- Material 
(B/M)  smoke  reduction  burner  and  fuel  nozzle  hardware.  Sampling  probe  loca¬ 
tions  are  shown  in  figure  13.  Gas  samples  were  withdrawn  1.54,  2.69  and 
5.69  in.  downstream  of  the  nozzle  face,  at  two  azimuthal  positions,  and  at  the 
center  of  the  exit  transition  duct.  Samples  from  locations  1  and  2  were  obtained 
with  probes  shown  in  figure  14  A.  Samples  from  the  third  front  end  location  and 
from  the  burner  exhaust  were  obtained  with  the  probe  shown  in  figure  11B.  Both 
probe  designs  utilized  steam  cooling  to  maintain  sample  gas  temperatures  in 
excess  of  300° F.  In  both  designs,  the  cooling  steam  was  exhausted  downstream 
of  the  sampling  inlet  in  high  velocity  jets  to  prevent  dilution  of  the1  exhaust  gas 
sample.  A  remotely  controlled  traverse  mechanism,  mounted  to  the  rig  sidewall, 
was  used  to  radially  position  the  sampling  probe.  A  typical  installation  of  the 
sampling  probe  and  traverse  mechanism  is  shown  in  figure  15. 

The  sampling  train  shown  in  figure  16  was  used  to  collect  gas  samples  for 
both  batch  and  on-line  analyses.  All  constituents  except  NO,  N02,  and  UHC  were 
measured  using  batch  analyses  while  on-line  techniques  were  used  for  measuring 
NO,  N02,  and  UHC  concentrations  and  as  a  backup  technique  for  determining  CO 
concentrations  to  verify  measurement  accuracies  at  low  concentrations  (<2500  ppmv). 
On-line  measurements  of  C02  concentration  were  also  made  initially  to  verify  com¬ 
patibility  of  the  batch  and  on-line  techniques.  The  batch  gas  sample  analysis  was 
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performed  on  a  CEC  Model  620-A  mass  spectrometer  and  a  modified  F&M  Model  700 
gas  chromatograph  with  a  Trachor  ultrasonic  detector.  Gas  chromatography  was  re¬ 
quired  to  separate  CO  arid  N2,  which  appear  as  a  single  peak  in  the  gas  sample  mass 
spectrum.  The  on-line  analysis  of  CO  and  CO2  was  accomplished  with  a  Beckman 
Model  402  HT  hydrocarbon  analyzer.  A  Beckman  Model  315  nondispersive  infrared 
analyzer  was  used  to  determine  the  NO  concentration.  Measurements  of  NO2  were 
made  using  a  Beckman  Model  255  nondispersive  ultraviolet  analyzer.  Teflon  sample 
lines  were  used  where  possible.  All  lines  were  electrically  heated  to  maintain  sample 
gas  temperatures  in  excess  of  300°F. 
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Figure  12.  Schematic  Diagram  of  JT8D  Burner  FD  56971 A 

Probing  Rig 
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Sample 
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Sample 

3/8  in.  OO 
Stainless  Steel 


A.  Probe  Design  For  Positions  1  and  2 


3/8  in.  00 
Stainless  Steel 
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8.  Probe  Design  For  Position  3 
end  Burner  Enheusl 
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U.  J  I'HD  Sampling  Probe's 
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Figure?  lf>.  .PI’Sl)  Sampling  Prolx’  ;m<i  I  ravc'rst’ 
Mechanism 
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Figure  16.  JTSl)  Burner  Probing  Sampling  Train  FI)  71970 


In  preparing  the  gas  sampling  train,  both  stainless  steel  and  glass  sample 
bottles  were  available  for  use.  The  steel  bottles  were  preferable  because  sample 
loss  due  to  leakage  occurred  teas  frequently,  the  bottles  could  be  pressurised 
without  breakage,  and  handling  problems  were  simplified.  However,  U  was 
known  that  at  low  CO  and  C<>2  concentration  levels  (<  100  ppmv),  error  could  be 
introduced  by  the  adsorption  of  CO  and  COg  on  the  walls  of  the  steel  sample 
bottle.  To  investigate  this  possibility,  comparative  tests  wen*  run  with  glass 
and  metal  bottles  using  a  gas  of  known  composition.  The  results  of  these  tests 
indicated  that  any  errors  introduced  by  on  adsorption  on  the  metal  walls  were 
obscured  by  the  level  of  experimental  uncertainty.  Therefore  metal  bottles  were 
used  for  the  test  program. 

b.  Test  Program 

Probing  of  the  JT.Hl)  Isirner  was  accomplished  at  simulated  engine  idle  and 
approach  conditions.  Full  sets  of  gas  samples  were  withdrawn  at  the  locations 
and  conditions  shown  in  tables  IV  and  V.  Concentrations  of  CO,  C(V>,  t>2»  II2*. 
and  CHC  were  determined  at  all  probe  positions,  and  operating  conditions;  con¬ 
centrations  of  NO  and  NO2  were  measured  at  the  2A  position  during  simulated 
idle  operating  conditions;  and  concentrations  of  aldehydes  were  measured  at  the 
211  position  during  simulated  idle  operating  conditions. 


Table  IV.  Test  Matrix  for  JT8D  Probing  Tests 


Axial  Probe  Location 
Downstream  of 
Nozzle  Face,  in. 

Operating 
Condition 
(Sec  table  V. ) 

Azimuthal  Probe 
Location 
(See  figure  13. ) 

(1)  1.51 

(2)  2.  (19 

(3)  5.69 

(4 (  Burner  exhaust 

Idle  (Half  traverse) 
Idle 

Idle 

Idle 

B 

A,  B 

A,  B 

Radial  plane  of 
symmetry 

(2)  2.69 

Approach 

B 

(3)  5.69 

Approach  (Half 
traverse) 

B 

<4  >  Burner  exhaust 

Approach 

Radial  plane  of 
symmetry 

Table  V. 

Operating  Conditions  for  Simulation  of  Kngine  Idle  and  Approach 

Condition 

Inlet 

Pressu re. 
in.  HgA 

Inlet 

Temperature, 

*F 

Air  Fuel 

Flowrate,  Flowrate,  Fuel-Air 

pph  pph  Ratio 

Idle 

73 

210 

13.451  101  0.0075 

Approach 

73 

669 

9,764  12S  0. 0131 

Concent  ration -Wat  Ion  profile!*  for  most  of  the  aforementioned  specie*  oi>~ 
tabled  during  the  probing  tests  and  the  corresnondlng  calculated  fuel-air  ratio- 
location  profiles  are  presented  in  Appendix  I.  Concentrations  of  CO,  COj.  C>2» 

10,  and  No  measured  an-  repo r Uni  in  ppnu  on  a  dry  basis;  concentrations  of 
l TlC,  as  equivalent  methane,  are  reported  in  ppmv  on  a  wet  basts.  Aldehyde 
concentrations  refer  to  soluble  aliphatic  aldehyde  concentrations  expressed  in 
ppmv  as  equivalent  formaldehyde.  Concentrations  of  Nfo  measured  during  the 
probing  tests  did  not  exceed  3  ppmv  and  are,  therefore,  not  Included  in  the  data 
shown  in  Appendix  I,  In  addition,  data  on  the  concentrations  of  JU  measured  at 
simulated  idle  operating  conditions  ami  of  lb  and  CMC  measured  in  the  combustion 
exhaust  gas  were  also  found  to  tx*  essentially  negligible  ami  arc  not  shown  in 
Appendix  !, 

As  indicated  in  table  IV,  data  at  two  locations  were  obtained  from  hsalf- 
tr averse  measurements,  lids  procedure  was  deemed  necessary  under  some 
conditions  to  minimise  -.probe- tip  plugging  with  coke  from  the  decomposition  of 
raw  fuel.  Plugging  of  the  steam-cooled  sampling  probes  was  a  persidcM  prob¬ 
lem  throughout  the  test  program  for  all  operating  conditions.  (Sea?  figure  17,} 
However,  as  a  general  observation,  plugging  became  more  severe  tiuring  tests 
in  which  probing  at  locations  near  the  nozzle  face  and  at  high  pow r  settings  was 
Involved.  Cm  the.  other  hand,  probr  durability  problems  were  most  men;  at  the 
end  «f  the  primary  zone  (location  3)  where  the  combustion  process  was  nearing 
completion,  but  before  significant  amounts  of  dilution  air  had  been  added.  Kx- 
perience  showed  that  plugging  could  lx*  minimized  by  proper  probe  design  and  l>y 
arrangement  of  the  test  sequence  to  minimize  exposure  time. 

:ts 


Figuro  17.  (I’pper)  View  of  Gas- Sampling  Probe  FD  71971 

Before  Testing*  flower)  View  of  Gas- 
.Sampling  Probe  Tip  Showing  Plugging 


<?.  Discussion  of  Results 

in  analysing  the  probing  data  to  identify  the  mechanisms  responsible  for 
low-power  emissions,  local  CO  concentration*  wre  found  to  correlate  with  local 
fuel -air  ratio  as  shown  in  figures  is  and  19.  Several  Interesting  results  emerge 
from  the  correlation  at  simulated  Idle  operating  conditions,  figure  IS: 

1,  CO  concentration  is  found  to  be  greatly  tn  excess  of  the 
equilibrium  concentration  for  lean  mixtures  and  for  rich 
mixtures  up  to  a  fuel- air  ratio  of  0.  $92 

2.  CO  oxidation  is  quenched  in  wall  cooling  layers,  as  reflected 
by  the  fact  the  CO  concentration  is  higher  near  the  wail  than 
in  the  core  of  the  burner 

.1.  CO  concentration  is  a  strong  function  of  the  local  fuel -air 
ratio. 
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Ftfcurr  H.  Variation  in  Fot'al  CO  Concentration  with  l-ocni  FA  at  Simulated  hilt*  Operating  Conditions  OF  91105 


The  data  taken  ;,t  simulated  approach  conditions  are  presented  in  figure  19. 
The  wall-quenching  effect  is  absert  at  this  operating  point,  and  CO  levels  within  the 
burner  are  higher  than  those  at  idle  conditions  at  the  same  fuel-air  ratio.  How¬ 
ever,  CO  levels  within  the  burner  at  approach  conditions  are  much  closer  to  the 
equilibrium  values;  the  exhaust  concentration  of  CO  is  lower  than  at  idle  condi¬ 
tions  (i.c. ,  200  ppmv  vo  950  ppmv).  In  addition,  the  percentage  reduction  in 
CMC  concentrations  in  the  combustor  exhaust  gas  is  significantly  greater  than 
that  for  CO;  UHC  concentrations  were  reduced  from  918  ppmv  to  ?  ppmv  equiva¬ 
lent  ntethar''i 

The  reasons  for  the  afore  men  tinned  behavior  have  not  been  completely  ex¬ 
plained.  However,  considering  the  combustion  process  s  consisting  of  two  suc¬ 
cessive  steps,  i.e. ,  the  oxidation  of  fuel  to  CO  followed  by  the  relatively  slow 
conversion  of  CO  to  C(T>,  the  observed  behavior  suggests  that  the  reduced  emis¬ 
sions  at  approach  conditions  are  primarily  the  result  of  the  higher  burner  inlet 
air  temperature.  The  latter  increases  the  rate  of  fuel  consumption  in  the  primary 
zone .  *  Near  the  wall  and  in  tin*  secondary  .one,  the  higher  temperature  of  the 
combustion  products  ami  the  cooling  ami  dilution  air  act  to  attenuau  quenching 
effects  $nd  Increase  the  rate  of  oxidation  of  CO  tc  CO->< 

To  complete  the  analysis  of  the  JTdt)  probing  data,  local  values  of  com¬ 
bustion  temperature  and  efficiency  were  computed  from  the  species  concentration 
data  that  were  obtained  at  simulated  idle  ami  approach  operating  c  ndlt ions.  'Hh- 
local  combustion  temperature  was  calculated  from  an  enthalpy  balance  between 
the  quenched  species  and  the  local  fuel-air  mixture,  assuming  that  the  un  reacted 
4 P-3  exists  in  the  vapor  state  and  that  the  dissociation  of  IlgO  to  il  and  OH  is 
equilibrated.  Two  methods  were  used  to  compute  the  local  combustion  efficiency: 
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14k-  effect  ;.if  initial  temperature  an  i‘p  and  I  tK  concentration  is  readily  seen 
in  the  results  of  the  turbulent  flame  s'erly .  sc.  h*  paragraph  K.U, 

following.  In  figures  2*  ami  30,  the  .V|  cst  i  '  don  of  <T>  n”»;  i'UC  is 
for  an  equivalence  ratio  of  1.2  ar.,  -:niv.«rc  a.uve*  of  Cib  ar.il  mr- 
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markedly  reduetd. 


where 

T0  the  Initial  temperature  of  the  combustible  mixture 

Ta  -  actual  temperature  of  combustion  products 

Tth  “  temperature  of  combustion  products  as  a  result  of  complete 
combustion 

Tpa  heat  capacity  of  quenched  combustion  products 
t-'pth  ^eat  capacity  of  products  of  complete  combustion 
Xo2  in  -  0.2316/(1  ►  FA) 

*02m  maKS  fraction  of  oxygen  in  combustion  products 

*02 th  mass  fraction  of  oxygen  in  produets  of  complete  combustion 

Kquation  20  compares  the  quantity  of  energy  actually  released  as  a  result  of  com¬ 
bustion  to  the  quantity  or  energy  supplied  by  the  fuel,  equation  21  is  an  oxygen 
depletion  efficiency  based  on  the  ratio  of  oxygen  actually  consumed  to  that  con¬ 
sumed  at  equilibrium. 

The  resultant  temperature  and  combustion  efficiency  profiles,  corresponding 
to  the  probing  locations  shown  in  figure  13  are  presented  in  Appendix  U.  The  oxyge 
depletion  efficiency  is  presents!  for  all  probing  locations  and  operating  conditions, 
t  orr«-sjxMuiing  values  of  the  energy  efficiency  are  <  diown  at  various  locations  within 
the  combustor  in  figures  U5,  186.  and  l*s  in  that  Appendix,  it  is  seen  that  the 
agreement  between  the  two  methods  is  poor  at  the  most  upstream  position  in  the 
front  end  where  combustion  efficiency  is  low.  The  agreement  improves  with 
downstream  position,  the  values  of  eomliustion  efficiency  front  the  two  methods 
becoming  virtually  identical  at  the  end  of  the  front  cod.  This  behavior  is  attributed 
primarily  to  uncertainty  as  to  the  chemical  and  physical  state  of  the  unreacted  fuel 
in  the  low  efficiency  regions  of  the  combustor. 

The  TO  concentration  ami  enmbustio.  temperature'  profiles  were  examined 
to  determine  the  temperature  hr  low  which  »  oxidation  is  quenched.  Ising  the 
correlation  of  CO  ■smcentraUon  with  fe  -air  ratio  to  identify  the  quenched'  state, 
figure  Is.  if  was  found  that  quenching  veurs  at  approximately  2200* F.  A  cqr res¬ 
ponding  segregation  of  t  tit'  cortc«mt r;M ion  into  quenched  And  unqucnched  states 
were  not  olsscrv^K 


Turbulent  Flame  Studies 
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a.  Description  of  Test  Apparatus  and  Facility 

Turbulent  flame  tests  were  conducted  in  the  facility  shown  schematically 
in  figure  20.  Air  was  supplied  to  the  test  section  by  a  remote  high-capacity 
blower  and  was  metered  by  a  calibrated  flat-plate  orifice.  An  electrical  air 
heater,  10  kw,  supplied  the  capability  for  varying  air  temperatures  from  240 
to  065°  F  over  the  range  of  airflow  rates  required.  Liquid  fuel  was  supplied  from 
a  storage  tank,  which  was  pressurized  by  nitrogen,  and  was  metered  by  a  cali¬ 
brated  rotameter.  The  fuel  was  heated  by  an  electrical  heater  to  provide  vaporized 
fuel  at  the  injector  inlet.  A  mixture  of  83%  isooctane  and  17%  uenzene  was  selected 
to  simulate  JP-5  fuel  in  both  the  turbulent  flame  studies  and  the  low- temperature 
hydrocarbon  kinetic  studies;  the  latter  is  described  in  paragraph  E.4,  following. 

The  isooctane- benzene  proportions  were  selected  to  represent  the  principal  com¬ 
ponents  of  JP-5  fuel.  The  two-component  fuel  blend  permitted  close  determination 
of  physical  properties,  and  since  it  was  injected  as  a  vapor,  a  well  defined  vaporiza¬ 
tion  temperature  was  provided. 

The  test  section  is  shown  in  figures  21  and  22.  Vaporized  fuel  was  injected 
through  a  ring  injector  with  six  holes  directed  in  the  upstream  direction  to  provide 
the  tial  fuel  dispersion.  The  fuel-air  mixture  then  passed  through  a  baffled  mixing 
sectma  and  was  introduced  into  the  test  section  through  a  slotted  (1.0  by  0.64  in.) 
flat-plate  flame  holder.  A  converging  bell  mouth  was  installed  to  prevent  recircula¬ 
tion  upstream  of  the  flameholder.  The  cross-  section  of  the  water-cooled  rectangular 
combustion  chamber  was  1.5  by  3.0  in. ,  and  its  length  was  18.  0  in.  It  was  con¬ 
structed  as  an  assembly  of  interchangeable  sections  having  various  lengths.  The 
probe  section  allowed  probing  to  be  accomplished  across  either  rectangular  axis. 

By  selectively  interchanging  the  sections,  gas  samples  could  be  withdrawn  at 
1.0-in.  increments  along  the  combustion  chamber  axis. 

Gas  samples  iind  total  pressure  measurements  were  obtained  with  the  probe 
shown  schematically  in  figure  23.  This  constant  blockage  (12%),  air  cooled, 
elliptical  cross  section,  stainless  steel  probe  was  inserted  through  the  1.50-in. 
sidewalls  into  the  gas  flowpath.  The  minor  axis  of  tho  probe  was  normal  to  the 
flow.  Calibration  tests  were  performed  on  the  probe  to  ensure  isokinetic  sampling. 
Samples  withdrawn  from  the  test  section  were  collected  In  stainless  steel  sample 
bottles  and  were  subsequently  analyzed  by  the  methods  described  earlier  in  this 
report  for  the  JT8D  studios. 
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Figure  20.  Schematic  Diagram  of  Turbulent  Flame  Study  Rig  FD  56965A 


Figure  22.  Test  Rig  for  Turbulent  Flame  Studies  FD  60889 A 


. •■**»*&"&* 


47 


b.  Test  Program 


Full  sets  of  gas  samples  were  withdrawn  at  the  locations  and  conditions  shown 
in  table  VI.  In  this  table,  <t>  is  the  fuel-air  equivalence  ratio  and  T  is  the  inlet  tem¬ 
perature.  Test  conditions  were  chosen  to  be  representative  of  the  conditions  existing 
within  a  JT8D  burner  at  low-power  operation.  The  inlet  temperature  points  corres¬ 
pond  to  the  idle  and  approach  conditions  in  the  JT8D  burner  probing  test  matrix. 

(See  paragraph  E.2,  preceding.)  Gas  samples  were  withdrawn  along  an  axis 
normal  to  the  flow  within  the  chamber  and  across  the  3-in.  dimension.  Velocity 
profiles  were  also  measured  at  each  test  condition.  Typical  concentration  pro¬ 
files  obtained  during  these  tests  are  presented  in  figures  24  through  27.  The 
corresponding  centerline  concentrations  of  CO  and  UHC  are  shown  in  figures  28 
through  31  as  a  function  of  axial  distance  downstream  of  the  flameholder.  Total 
UHC  represents  the  sum  of  the  individual  methane,  ethane,  propane,  and  parent 
fuel  (isooctane  -  benzene  blend)  values. 

c.  Discussion  of  Results 

The  objective  of  the  turbulent  flame  studies  was  to  obtain  global  reaction 
rate  expressions  for  the  rate  of  disappearance  of  CO  and  fuel  (total  UHC)  under 
conditions  of  temperature,  concentration,  and  turbulence  typical  of  low  power 
operation.  To  generate  the  desired  global  expressions,  local  reaction  rates  for 
fuel  and  CO  had  to  be  determined  from  the  measured  concentration  profiles.  An 
analytical  procedure  was  developed  for  solving  the  species  and  momentum  con¬ 
servation  equations  required  to  obtain  the  reaction  rates.  This  calculation  pro¬ 
cedure  is  described  in  Appendix  III.  Figures  32  and  33  present  the  resulting 
reaction  rates  for  fuel  and  CO  at  the  various  locations  downstream  of  the  flame- 
holder.  For  both  species,  the  reaction  rates  are  observed  to  reach  maximum 
values  in  the  x  direction  between  4  and  6  in.  (from  the  flameholder)  and  then  fall 
off  as  the  distance,  x,  increases.  The  peak  values  are  much  greater  for  the 
higher  equivalence  ratio  and  temperature  conditions. 


Table  VI.  Test  Matrix  for  Turbulent  Flame  Probing  Studies 


Axial  Probe  Location 

Downstream  of  Flame- 

«  -  1.0 

0  1.2 

0  -1.2 

holder,  in. 

T  240°  F 

T  240CF 

T  665°  F 

3 

* 

* 

* 

4 

* 

* 

★ 

5 

* 

* 

* 

6 

* 

* 

* 

7 

* 

* 

8 

* 

* 
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Figure  24.  Variation  in  Combustion  Product  Concen-  DF  91103 
tration  with  Lateral  Position  3  in.  Down¬ 
stream  of  Flameholcier  ~  1.0,  T  245°F) 
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Figure'  25.  Variation  in  Combustion  Product  Concon-  DF  91102 
trations  with  Lateral  Position  5  In,  i)own- 
stroam  of  Flamoholder  (<t>  1.0,  T  240"F) 
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Figure  20.  Variation  in  Combustion  Product  Concen-  DF  01 101 
trations  with  Lateral  Position  5  in.  Down¬ 
stream  of  Flameholder  ($  1.2,  T  243*  Fi 
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I-'ijfure  27.  Variation  in  Combustion  Product  Concon-  i)F  01 100 
trntion  with  I.atorial  Position  5  in.  Down¬ 
stream  of  I;1  amt-holder  (<fr  1.2,  T  665"  I\1 
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holder  and  Temperature  Along  holder  and  Equivalence  Ratio 

Rig  CehterUno  {Equivalence  Along  Rig  Centerline  (T  =  240CF) 

Ratio  1.2) 


The  fuel  reaction  rates  shown  in  figure  32  were  correlated  using  the  parcel 
splitting  model  of  Howe  and  Shipman  (Reference  2fi>,  This  model  characterised 
the  turbulent  burning  zone  by  spherical  parcels  of  unburned  gas  dispersed  through 
the  burned  gas,  with  reaction  occurring  at  the  periphery  of  the  parcels  as  laminar 
combustion  waves.  Measured  fuel  reaction  rate  data  were  fitted  to  theoretically 
derived  expressions  of  the  f<  ,-m: 


^jpbV2SiXj  -  XjU) 
Qj?0/2PS(X]  -  Xjb) 


bfibt/3 

(22) 

^abt/3 

(23) 

where 

Qj  rate  of  fuel  consumption,  lbK/ft^  sec 

■J 

p^  density  of  the  burned  parcels,  lbm/ft 

•4 

pi}  density  of  the  unburned  parcels,  lbm'ftJ 
p  eomhinrd  mixture  density  of  burned  and  unburned  parcels, 

7  initial  mean  parcel  radius,  ft 
S  normal  burning  velocity,  ft  see 


Xj  initial  mass  fraction  of  fuel 

mass  fraction  of  unburned  fuel  in  the  mixture  nf  burned  and 
unburtved  parcels 

mass  fraction  of  burned  fuel  in  the  mixture  of  burned  and 
unburned  parrels 

h  number  of  equally  sised  sphrtical  particles  b  rmed  when  one 
parcel  is  split 

a  splitting  probability,  sec”' 

{  time,  see 


f/jswti'X?  22  was  used  wtvrr  the  volume  frsctbsj  burned  was  less  lk.o>  0,',  ae-i 
equation  23  was  when  the  fraction  was  greater  ihar.  U.  in  fining*. ir.c 
measured  reaction  rale  data  t«»  e-ry  miens  22  ami  23,  time  was  Measured  from 
tlw  pnin*  where  messy; aide  *■'*■*  was  observe*}.  F  lapsed  time  was  calculated 
from  the  known  .eloepf  ;V-  vdk;  -mn  «.»  fellows: 


where 


xQ  -  location  where  the  reaction  was  deemed  to  have  started  as 
indicated  by  measurable  CO  concentration,  ft 


Xj  location  from  which  sample  was  withdrawn,  ft 
VQj  -  average  velocity  between  xQ  and  Xj,  ft/sec 

The  normal  burning  velocity/,  S,  was  determined  at  each  test  condition 
from  equation  24,  which  relates  nurning  velocity  to  inlet  temperature,  pressure, 
equivalence  ratio,  oxygen  content,  and  fuel  composition. 


S  -  3.281  x  10“  2  Xj  [(  0.381  V1*4  (*  -  0.120)  -  100)  (2.6  log  A  +  0.94)] 
[p-0.39]  +  3.  281  x  10"2  XB  [(ll.  00395  Tr*78  -  100)  (2.6  log  B  +  0.67)]  > 

jp-0.  39j 


(24) 


where 


A 


B 


equivalence  ratio  (0)  for  <t>  less  than  1.03 
(2.  06  -  0 )  for  0  greater  than  1.  03 
0  for  0  less  than  1.34 


(  (2.68-0)  for  0  greater  than  1.34 
t  oxygen  concentration  -•  02/(02  +•  N2) 

0  equivalence  ratio  FA/0.0678 
Xj  mole  fraction  of  isooctane  in  fuel  blend  0.76 
Xp  mole  fraction  of  benzene  in  fuel  blend  0,  24 
S  burning  velocity,  ft/sec 
1*  pressure  atm 


T  temperature,  °K 

liquation  24  was  developed  by  fitting  experimental  laminar  flame  speed  data 
presented  in  Reference  26.  Although  the  pressure  dependency  was  not  required 
in  the  analysis  (all  testing  was  done  at  1  atmosphere),  pressure  terms  were  in¬ 
cluded  to  enhance  application  to  the  streamtuhe  combustor  model. 
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Following  the  practice  of  Howe  and  Shipman,  the  constant  b  was  assumed 
to  be  exactly  2,  3ince  it  could  not  be  independently  determined.  To  determine 
the  constants  r0  and  a,  the  logs  of  the  left-hand  sides  of  equations  22  and  23 
were  plotted  against  time  as  shown  in  figure  34.  A  straight  line  was  then  fitted 
through  the  data.  The  slope  of  this  line  defined  the  average  splitting  probability, 
a,  and  the  intercept  at  t  =  0  determined  the  initial  mean  particle  rad*ur-,  Tq.  The 
tailed  point  shown  in  figure  34  was  not  used  in  the  determination  of  a  and  F0  due 
to  difficulties  in  defining  its  value  when  Xj  ~  Xju,  i.e.,  when  burning  has  just 
begun.  With  ~r0  -  1/34  ft  and  a  =  4660  sec-1,  equations  22  and  23  become: 


PUPS 


0.31  x  10*t 


Qj  =  -68“——  (Xj  -  Xju)  2 
Qj  =  -68  pS  (Xj  -Xjb)20,31  X  104t 


(25) 

(26) 


Figure  34.  Variation  in  Correlating  Parameter  with  FD  71979 
Time  and  Test  Conditions 


Corresponding  to  equations  22  and  23,  equation  25  was  used  when  the  volume 
fraction  burned  was  less  than  0.5  and  equation  26  was  used  when  the  fraction  was 
greater  than  0.5.  As  a  final  chock,  equations  25  and  26  were  used  to  calculate 
fuel  reaction  rates  at  each  test  condition.  The  calculated  values  are  shown  plotted 
against  the  measured  values  in  figure  35.  Agreement  was  within  approximately 
20%. 

Attempts  to  correlate  the  CO  reaction  rate  data  with  an  Arrhenius  function 
or  with  models  similar  to  the  parcel  splitting  model  all  failed  to  yield  satisfactory 
results.  This  was  principally  because  of  uncertainty  in  determining  the  split 
between  the  competing  formation  and  consumption  reactions.  The  experimental 
CO  reaction  rate  data  obtained  in  this  study  are  in  general  agreement  with  similar 
data  reported  by  Fcnimore  and  Jones  (Reference  27). 
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MEASURED  REACTION  RATE  -  lbm/ft3wc 

Figure  35.  Comparison  of  the  Variation  in  Actual  and 
Measured  Reaction  Rates 

4.  Low-Temperature  Hydrocarbon  Kinetics  Studies 
a.  Description  of  Test  Apparatus  and  Facility 

The  test  apparatus  used  in  the  low-temperature  kinetics  studies  is  shown 
schematically  in  figure  36  and  during  the  early  stages  of  installation  in  fig¬ 
ure  37.  Air,  supplied  from  a  high-capacity  blower,  and  nitrogen,  supplied 
from  a  2000-psig  lank,  were  mixed  to  provide  a  source  of  oxygen-deficient  air 
for  use  in  the  tests.  The  flowrates  of  air  and  nitrogen  were  varied  independently 
to  yield  the  desired  total  flowrate  and  concentration  of  oxygen  in  the  mixture. 

After  the  proper  mixture  and  flowrate  were  achieved,  the  oxidizer  was 
passed  through  a  60  kw  electrical  heater;  this  heater  was  capable  of  heating  the 
incoming  „as  to  1800° F.  Flow  distortions  and  temperature  gradients  introduced 
within  the  heater  were  eliminated  by  passing  the  nitrogen-diluted  air  through  a 
series  of  four  baffles.  Instrumentation  was  installed  at  the  exit  of  the  baffle 
s  ction  to  confirm  the  removal  of  any  distortions. 
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Figure  37.  Hydrocarbon  Kinetics  Rig  FD  71983 

Liquid  fuel  was  supplied  from  two  nitrogen-pressurized  tanks  located  out¬ 
side  the  test  cell.  As  discussed  in  paragraph  E.3  preceding,  a  mixture  of  83% 
isooctane  and  17%  benzene,  by  weight,  was  used  to  simulate  J P— 5  fuel  under 
laboratory  conditions.  Before  entering  the  injection  section,  the  fuel  was  heated 
and  expanded  through  a  throttling  valve ;  the  vaporized  fuel  temperature  was  ap¬ 
proximately  240°  F. 

The  fuel  injection  section  was  designed  to  provide  rapid  mixing  of  fuel  and 
air  before  they  entered  the  test  section.  To  accomplish  this,  the  airflow  v/as  first 
accelerated  before  it  entered  the  mixing  nozzle.  In  the  mixing  nozzle  the  vaporized 
fuel  was  injected  at  high  velocities  normal  to  the  airflow  through  eight  equally 
spaced  orifices.  Subsequent  to  this,  diffusion  of  the  fuel-air  mixture  produced 
additional  mixing  of  the  two  before  they  entered  the  test  section. 

The  test  section,  which  was  designed  to  function  as  an  adiabatic  reactor, 
was  constructed  from  a  cylindrical  vycor  tube  6  ft  long,  with  a  2.70  in.  inside 
diameter.  Vycor  was  selected  as  tin  duct  material  to  minimize  wall  catalysis. 

The  duct  was  heated  electrically  with  beaded  nichrome  wire  wrapped  around  the 
duct  in  a  helical  fashion  to  provide  constant  temperature  operation.  A  0, 5-in. 
layer  of  insulation  between  the  wire  ;ind  duet  wall  assisted  in  distributing  the  heat 
evenly,  while  several  outer  layers  of  insulation  were  used  to  minimize  heat  loss 
to  the  surroundings,  f  igure  38  shows  a  photograph  of  the*  test,  section  as  installed. 
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Figure  38.  Test  Section  Installation  for  the  Adiabatic 
Reactor 
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Since  a  high-temperature  combustible  mixture  having  the  potential  for 
autoigniting  was  being  exhausted  from  the  rig,  it  was  necessary  to  provide  a 
means  to  control  the  bumoff  of  the  exhaust  product.  To  accomplish  this,  the 
downstream  end  of  the  reactor  duct  was  inserted  through  the  outer  wall  of  the 
test  cell,  where  a  flameholder,  complete  with  an  ignition  source,  was  located. 

(See  figure  39.)  The  flameholder,  cooled  with  ethylene  glycol,  was  also  designed 
to  serve  as  a  heat  shield  for  the  probe,  drive  mechanism,  and  associated  hard¬ 
ware.  As  a  further  precaution,  against  the  possibility  of  autoignition,  the  entire 
burnoff  area  was  shielded  by  a  steel  barricade  f>  ft  high. 

The  sample  probe,  shown  schematically  in  figure  10,  was  used  to  withdraw 
exhaust  gas  samples  at  selected  points  along  the  centerline  of  the  reactor  duct. 

The  probe  was  positioned  with  a  remotely  controlled  traverse  mechanism  located 
in  the  burnoff  area.  Sample  temperatures  in  excess  of  300UF  were  maintained  within 
the  probe  by  passing  heated  air  through  the  probe.  Tin'  gas  samples  were  trans¬ 
ferred  through  a  heated  Teflon  line  for  on-line  analysis  of  CO  using  a  Beckman 
Model  315  NDIR  analyzer.  The  batch  analysis  system  used  in  the  turbulent  flame 
studies  was  also  used  for  collecting  exhaust  gas  samples  at  selected  points. 


Figure  39.  Burn-Off  Area 
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All  air  and  nitrogen  flowrates  were  metered  by  calibrated  orifices.  Except 
for  the  sample  probe  cooling  air,  which  was  preset  with  a  hand  valve  located  with¬ 
in  the  test  stand,  flowrates  were  controlled  by  pneumatically  operated  valves. 

Fuel  flowrates  were  measured  upstream  of  the  fuel  heater  using  a  turbine  flowmeter 
and  were  controlled  by  remotely  operated  hand  valves.  Sampling  flowrates  were 
measured  with  a  rotameter  and  were  controlled  by  a  hand  valve  located  within  the 
test  stand. 

Temperatures  were  monitored  as  required  for  control  of  all  flow  measure¬ 
ments.  In  addition,  several  skin  and  ambient  temperatures  were  monitored  with¬ 
in  the  burnoff  area  and  at  a  number  of  locations  in  and  around  the  flow  reactor. 

The  exit  temperatures  of  each  electrical  heater  were  also  monitored  to  prevent 
overloading  the  electrical  elements.  A  chromel-alumel  thermocouple,  fabricated 
as  an  integral  part  of  the  sampling  probe,  was  used  to  monitor  reaction  tempera¬ 
tures  while  the  entire  duct  length  was  being  traversed.  To  correct  for  radiation 
errors,  the  thermocouple  was  calibrated  with  and  without  cooling  air  to  the 
sampling  probe.  Without  cooling  flow,  radiation  and  conduction  losses  to  the 
sample  probe  body  were  eliminated. 
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Thermocouple 


b.  Test  Program 


Initial  tests  were  conducted  to  establish  the  range  of  conditions  over  which 
appreciable  reaction  could  be  expected.  Measurements  of  CO  concentrations 
were  made  at  the  end  of  the  test  section  at  a  fuel-air  equivalence  ratio  of  4. 9; 
an  oxidizer  content  of  15.3%  oxygen;  and  at  temperatures  ranging  from  650  to 
1025°F.  As  shown  in  figure  41,  the  results  indicated  that  no  appreciable  reaction 
occurred  below  temperatures  of  approximately  1000°F.  For  example,  for  a 
residence  time  of  75  msec  and  a  temperature  of  1000°F,  the  CO  concentration 
was  63  ppmv.  Subsequent  testing  was,  therefore,  limited  to  fuel- air  mixture 
conditions  corresponding  to  temperatures  in  excess  of  1000° F. 


TEMPERATURE  •  °P 


Figure  41,  Variation  in  CO  Concentration  with  Tern-  FD  71986 
perature  (15.3%  C>2,  ♦  4.9,  Residence 
time  75  msec) 

Measurements  of  CO  concentration  were  mafic  along  the  reactor  centerline 
for  the  range  of  conditions  shown  in  table  VII.  The  axial  distributions  of  CO  ob¬ 
tained  with  an  oxygen  concentration  of  12.3%  are  shown  in  figure  42.  Measure¬ 
ments  of  CCh  concentration  were  also  obtained  during  the  high  temperature  run 
(12,5%  oxygen,  2,  5,  and  1 257’ F)  to  determine  if  measurements  of  this  con¬ 
stituent  were  required  at  the  lower  temperature  tost  conditions.  Although  the 


reaction  was  observed  to  accelerate  toward  the  end  of  the  test  section,  as  indi¬ 
cated  by  a  measurable  temperature  rise,  no  significant  concentrations  of  CO2 
were  found. 


Table  VII.  Test  Matrix  for  Adiabatic  Reactor  Program 


°2 

Concentration, 
mole  % 

Equivalence 

Ratio 

Initial  Mixture 
Temperature, 
°F 

Weight  Flow  of 

Air  +  N2, 
pph 

12.5 

2.5 

1165 

226.0 

12.5 

2.5 

1214 

220.7 

12.5 

2.5 

1257 

212.7 

12.5 

4.0 

225.6 

12.5 

4.0 

214.8 

15.3 

2.5 

1214 

262.9 

15.3 

2.5 

1275 

254 . 5 

15.3 

1.5 

1272 

256. 5 

Figure  12.  Variation. in  CO  Concentration  with  Axial  FD  71987 
Location  and  Teat  Conditions 
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Discussion  of  Results 


Individual  reaction  rates  for  each  of  the  test  conditions  shown  in  table  VII 
were  required  to  generate  a  global  reaction  rate  expression  for  CO.  Since  the 
velocity  at  each  test  condition  was  known,  the  reaction  rates  were  simply  deter¬ 
mined  by  taking  the  slope  of  a  straight  line  passed  through  the  individual  CO  con¬ 
centration-distance  data.  As  shown  in  figure  42,  most  of  the  data  can  be  cor¬ 
related  with  straight  lines  and,  therefore,  the  error  introduced  by  this  graphical 
approach  is  minimal.  The  reaction  rates  were  then  subjected  to  a  least  squares 
analysis  to  fit  an  Arrhenius'  function  of  the  form; 


Qco 


A  Np  Nbm  P 


a+b 


-E/RT 

e 


The  analysis  yielded  values  for  the  exponents  a  and  b,  the  constant  A,  and  the 
activation  energy  E.  The  resulting  rate  expression  derived  for  CO  is: 


_  1A8M0.104M  0,431.0.535  -52,600/RT 

Qco  3. 5  x  10°  NP  Nri0  p  e 


02 


<27) 


where 


^CO  ra*e  of  CO  formation,  gm-moles/ern3-sec 
Np  mole  fraction  of  fuel 

Nq.,  mole  fraction  of  oxygen 

p  density,  gm- moles/era3 

H  universal  gas  constant,  1.9s7  eal/gm- moUr-*k  . 

T %  temperature*  K 

The  accuracy  of  equation  21  is  demonstrated  In  figure  43,  in  which  the 
calculated  reaction  rates  are  compared  with  tlu'  corresponding  measured  values. 
As  observed,  a  .satisfactory  i oast  squares  fit  was  otdaihed.  However.  the  small 
number  of  data  available  precluded  a  statistically  accurate  determination  of  the 
individual  cor  re  1  nil  ng  eoc  ft ie  i ents «  This  is  particularly  true  of  the  exponents  a 
and  b.  The  use  of  equation  27  is*  therefore,  not  recommended  outside  the  range 
of  conditions  used  in  the /analysis,  table  Vli. 

M  ' 

Since  the  onset  of  reaction,  as  indicated  bv  the  presence  of  CO,  was  found 
to  correlate  with  an  A r r hen ins  temperature  dependence*  it  is  concluded  that  no 
signflicant  reaction  occurs  outside  the  limits  defined  by  the  Ixsiv  of  hydrocarbon 
reaction  rate  data  contained  in  the  literature,  A  hydrocarbon  chemistry  model 
based  on  rates  found  In  the  literature  is,  therefore,  adequate  for  analytical 
modeling  purposes. 
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PHASE  II  -  DESIGN  ASSESSMENT 


A.  SUMMARY 


Work  under  Phase  II  of  Contract  E3J6T5-?  l-C-  1  S'70  has  been  completed. 

In  Phase  II,  component  design  techniques  for  reducing  low-power  emissions  by 
controlling  the  primary-zone  equivalence  ratio  were  evaluated  experimentally 
using  a  research  combustor.  Control  means  included  air-staging,  fuel-staging, 

;uul  premixing  of  fuel  and  air  prior  to  their  being  introduced  into  the  combustor. 

Jour  fixed-geometry  combustor  schemes  were  used  to  simulate  the  opera¬ 
tion  of  a  variable-geometry,  air-staging  combustor.  A  composite  curve  of  data 
from  the  four  schemes  exhibited  high  combustion  efficiencies  over  the  entire 
range  of  fuel-air  ratios  examined  from  idle  to  full  power.  CMC  concentrations 
were  low  over  this  range,  but  CO  concentration  levels  remained  relatively  high. 

Secondary  fuel  nozzles  mounted  immediately  downstream  of  the  primary 
zone  of  the  combustor  were  used  in  combination  with  conventional,  dome- mounted 
fuel  nozzles  to  evaluate  axial  fuel-staging.  Concentrations  of  objectionable  exhaust 
emissions  were  high  when  secondary  fuel  injectors  were  used,  t  his  has  been  at- 
tributes!  to  inadequate  burning  length  in  the  secondary  fuel  zone  of  the  parfieol  T 
research  burner  used. 

Circumferential  fuel  staging  was  evaluated  using  two  dome-  mounted  injector 
arrangements.  In  the  first,  only  the  fuel  nozzles  in  alternating  l-octitions  wtf 
operated.  Hoth  CMC  ami  CO  concentration  levels  remained  relatively  high.  In 
the  second,  only  half  of  the  fuel  nozzles  located  sequentially  were  operated.  CHC 
concentrations  decreased  significantly,  but  the  CO  concentration  level  remained 
high. 

Hrief  investigations  were  conducted  to  evaluate  the  effects  of  secondary 
Influences  on  exhaust  emission  concent  rat  ions  am  I  combustion  efficiency.  Sec¬ 
ondary  influences  included  comUistor  reference  velocity,  inlet  air  temperature, 
fbel  atomization,  us  I  primarv-,-nne  air-film  cooling.  As  reference  velocity  was 
Ittcnojol,  t  (>  ronceni rations  increased  and  CHC  eoncent  rations  decreased.  As 
inlet  temperatures  were  reduced.  both  CHC  ami  eti  concentrations  increased. 

Poor  fuel  atomization  causal  a  large  increase  in  concentrations  of  objectionable 
emissions,  with  a  corresponding  decrease  4n  comisistion  efficiency*.  Elimination 
of  primary-zone,  air-film  cooling  had  an  insignificant  effect  on  reducing  emission 
concentrations. 

Very  low  concentrations  of  CHC  and  ( < >  wen-  achieved  when  fuel-air  pre¬ 
mising  or  rarburctlon  tuts-s  wen-  used  to  replace  the  conventional  dome-mounted, 
pn-ssure-aiomizing  fuel  nozzles.  Program  goal  CHC  concentrations  of  to  ppmu 
IP  ppmvt  at  iow  power  were  readily  achieved.  Co  goal  concentrations  of  10  ppmw 
•ea  i 0  ppmvt  were  closely  approaclx-d.  The  lowest  vaitic  of  C(l  concent ration 
achieved  in  this  program  at  simulated  low  power  op«-rating  conditions  was  2*  ppmv. 
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B.  DISCUSSION 
L  Objective  and  Approach 

if  was  conducted  concurrently  -*ith  the  development  of  the  analytical 
model  to  evaluate  contpunenl  design  techniques  for  lowering  pollut;uu  emission 
levels  at  parf-power1'  engine  operation  and  to  provide  experimental  data  to  assist 
in  refining  Use  theoretical  combustor  model.  Continuous  interchange  of  informa¬ 
tion  between  the  ^rirdytical  and  experimental  programs  served  to  enhance  the 
successful  accomplishment  of  both. 

It  is  virtually  impossible  to  closely  control  or  regulate  the  environment 
within  current  geometry  burners  at  both  high  and  low-power  operating 
conditions  because  of  the  nature  in  which  they  operate.  Kven  at  full  power,  the 
oe,  ;-?d;  fuel-air  ratio  lies  well  below  the  lower  flammability  limit  for  mixtures 
of  aircraft  fuel  and  ;tJr._.C /pnsequently,  it  is  necessary  to  bum  the  fuel  with  tan 
a  fraction  oi  die  available  air  at  a  local  fuel-air  ratio  well  within  tin-  flammability 
limits  for  the  fuel-air  mixture,  and  ,  ten  add  the  remaining  combustor-designated 
air  to  the  combustion  pro*  fuels. 

Conventional  combustors  are  typically  operated  at  near- stoichiometric  fuel- 
air  ratios  in  the  primary  rone  at  a  selected  design  point  such  as  full  power.  They 
a  tv*  then  operated  below  this  design-point  fuel- air  ratio  at  all  other  conditions. 

M  full-power  and  near-full -power  conditions,  the  reaction  temperature  in  the  com¬ 
bustor  is  high  and  reaction  rates  are  fast.  Consequently,  lioth  t‘H<*  and  CO  con-, 
eentrations  in  the  exhaust  gas  afe  very  low  awl  combustion  efficiencies  are  typically 
very  high.  1  Hi  the  other  hand,  at  low  or  part-power  conditions,  these  combustors 
operate  at  overall  and  local  fuel-air  ratios  well  below  those  achieved  at  high  power. 
\s  a  result,  combustion  temperatures  an-  low  and  reaction  rates  an  slow;  con¬ 
sequently,  e»meent  rat  ions  of  noth  idle  ami  CD  in  the  exhaust  gas  are  high,  and 
combustion  efficiencies  arc  lew. 

During  low-power  operation,  the  principal  combustor- generated  exhaust 
pollutants  are  VHC  ami  Ct‘.  U  tb«-  concent rations  of  these  species  can  be  de¬ 
creased,  eomUjsUno  efTirleney  will  he  increased  directly  as  shown  in  the  following 
equation 

n  too-too  [lvai^  ..^.pv]  ,»•*, 

[  is.  ir,  x  ur  J 

where 


*1  combustion  cfiirhuo-, 
i,m:»  i  eating  value  of  CO,  fttu  U»m 
21,  '>00  hi  atjng  value  of  methane,  Hlu  »l>m 

X  omission  in* lex  of  co,  |h};.  r;  =  i, pcsg  fuel 

Part- power  or  low-power  oomliuslor  op  r.llon  is  defined  as  that  peeformanre 
assfx  iat*^!  with  the  lower  one-half  of  a  typical  turbine  engine  power  curve;  it 
specifically  includes  those  power  points  representing  idle  wrvd  taxi  operations. 


Y  =  emission  index  of  CH4,  11%,  CH4/1, 000 11%  fuel 

IS.  45  x  106  =  proportionality  constant  which  includes  the  heating  value 
of  the  fuel  used  (18,450  Btu/15%) 

This  relationship  was  proposed  by  Capt.  W.  S.  Blazowski,  Fuels  Branch,  Fuels 
and  Lubrication  Division,  Wright- Patterson  Air  Force  Base,  Ohio. 

;  Three  promising  means  of  reducing  pollutant  emissions  levels  during  low- 
power  operation  were  evaluated  during  the  experimental  program:  air  staging, 
fuel  staging,  and  p remixing.  The  principal  objective  of  each  was  to  closely  con¬ 
trol  the  environment  within  the  combustor  to  effect  a  more  complete  reaction 
between  fuel  and  air,  thereby  minimizing  the  formation  of  the  products  of  incom¬ 
plete  combustion,  viz.,  UHC  and  CO. 

With  the.  air-staging  concept,  combustion  chamber  environmental  control 
was  achieved  by  changing  the  distribution  of  air  entering  the  combustor  as  the  1 
rate  of  fuel  flow  was  changed  so  that  the  local  fuel -air  ratio  in  the  primaiy  zone 
was  kept  at  a  predetermined,  constant  value.  Hence,  although  the  overall  fuel- 
air  ratio  increases  as  the  rate  of  fuel  flow  is  increased  and  decreases  as  the  rate 
of  fuel  flow  is  decreased,  the  desired  primaiy-zone  fuei-air  ratio  does  not  change. 

With  the  axial  fuel  staging  concept,  control  of  the  environment  within  the 
combustor  was  achieved  by  changing  the  distribution  of  fuel  entering  the  com¬ 
bustor  as  the  rate  of  fuel  flow  was  changed.  As  a  result,  a  preestablished  local 
fuel-air  ratio  was  achieved  but  not  exceeded  in  the  vicinity  of  each  injection 
station*  Although  the  overall  fuel-air  ratio  increases  as  the  rate  of  fttel  flow  is 
increased,  local  desired  fuel-air  ratios  in  the  vicinity  of  the  axial  fuel  injection 
stations  do  not  exceed  the  predetermined  value.  * 

With  the  premixing  concept,  control  of  the  combustion  environment  was 
accomplished  by  Intimately  mixing  fuel  and  air  in  a  predetermined  ratio  prior 
to  their  being  Introduced  into  the  burner.  A  homogeneous  combustible  mixture, 
in  a  controlled  range  of  fuel-air  ratios,  was  thereby  presented  to  the  reaction 
front.  Undesirable  reaction  products  that  are  formed  as  a  result  of  nonuniform 
fuel  concentration  and  temperature  profiles  in  the  primary  zone  are  reduced  or 
eliminated.  Premixing  in  combination  with  air  staging  affords  an  ideal  means 
for  reducing  objectionable  emissions  at  both  low  and  high-power  conditions, 

2.  Constraints  and  Qualifications 

This  comprehensive  experimental  component  Investigation  was  conducted 
to  define  and  assess  promising  combustor  design  techniques  for  increasing  low- 
power  combustion  efficiency  and,  consequently,  Improving  low-power  exhaust 
emission  characteristics.  However,  of  the  design  features  offering  potential, 
only  those  of  a  practical  design  having  reasonable  maintainability  and  reliability 
were  considered  for  evaluation.  The  intended  risk  level  of  this  program  was  con¬ 
sidered  to  be  such,  nevertheless,  that  at  least  one  novel  or  unique  design  approach 
for  improving  part-power  performance  would  bo  considered.  However,  regardless 
of  the  approach  taken,  it  was  essential  that  combustor  performance  be  maintained 
at  all  power  settings  with  no  appreciable  Increase  in  emissions  at  operating  points 
other  than  low  power.  Means  for  providing  performance  improvements  during 
low-power  operation  at  the  expense  or  compromise  of  performance  at  high-power 
operation  were  not  considered  to  be  acceptable  approaches  for  accomplishing  the 
objectives  of  Phase  II. 
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During  low-power  operation,  the  principal  combustor-generated  exhaust 
pollutants  are  UHC  and  CO;  a  third  pollutant,  NO^  is  generally  produced  only 
in  small  quantities  under  these  conditions.  However,  as  combustion  efficiency 
is  improved,  the  reaction  temperature  is  increased  and  although  concentrations 
of  UHC  and  CO  are  reduced,  the  concentration  of  NOx  is  often  increased.  Though 
the  oxides  of  nitrogen  have  little  or  no  effect  on  overall  combustion  system  per¬ 
formance,  they  are,  nevertheless,  undesirable  byproducts  of  airbreathing  com¬ 
bustion.  In  sufficient  concentration  they  are  by  themselves  toxic,  and  in  com¬ 
bination  with  hydrocarbons  in  the  presence  of  sunlight  they  react  to  produce  smog. 
Therefore,  continuous  attention  was  to  be  given  to  the  presence  of  this  pollutant 
since  potential  compromises  to  improve  overall  exhaust  emission  performance 
by  decreasing  UHC  and  CO  concentrations  at  the  expense  of  increasing  NOx  con¬ 
centration  have  already  been  observed  and  are  not  necessarily  desirable. 

'  -Calculations  of  combustion  efficiency  using  both  a  rigorous  thermodynamic 
approach  that  considers  all  measured  products  of  combustion  and  the  simplified 
approach  of  equation  28  yielded  results  that  were  essentially  the  Same.  There¬ 
fore,  unless  otherwise  noted,  combustion  efficiencies  derived  from  exhaust  gas 
analyses  in  this  program  were  obtained  through  the  use  of  equation  28. 

Of  equal  importance  to  the  successful  development  of  design  techniques  for 
enhancing  low-power  combustor  performance  was  the  accurate  analysis  of  exhaust 
products  sampled  during  the  test  program.  Not  only  was  it  necessary  to  measure 
combustion  efficiency  accurately,  but  verification  of  low  emission  levels  was  also 
required  to  determine  trace  quantities  of  the  exhaust  gas  constituents  resuming 
from  low  combustion  efficiency.  Therefore,  a  number  of  guidelines  were  estab¬ 
lished  relating  to  the  experimental  portion  of  this  phase  of  work,  including! 

1.  Concentrations  of  UHC,  CO,  CO2,  NOx,  and  water  vapor 
were  to  be  measured  during  each  test. 

2.  To  accommodate  variations  in  exhaust  constituent  levels 
existing  at  the  exit  plane  of  the  combustor,  means  for  multi¬ 
point  sampling  at  the  exit  plane  were  to  be  incorporated. 

3.  On-line  measurement  techniques  were  to  be  employed  exten¬ 
sively.  If  batch  sampling  should  be  used,  care  was  to  be  taken 
to  ensure  that  no  further  reaction  of  the  constituents  occurred 
between  the  time  the  samples  were  taken  and  the  time  they  were 
analyzed, 

1.  Sampling  techniques  used  were  to  be  such  that  further  reactions 
of  constituents  within  the  sampling  line  were  prevented. 

8.  Initially,  measurement  methods  responsive  to  both  NO  and  NO2 
were  to  be  UBed  to  determine  the  concentrations  of  NOx.  The 
measurement  of  NO2  was  to  be  discontinued  If  sufficient  empirical 
evidence  Indicated  that  the  concentration  of  NO  constituted  more 
than  95%  of  the  NOx  concentration. 
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6.  The  method  for  measuring  water  vapor  was  to  include  the 
determination  of  the  pH  level  in  the  exhaust  sample. 

7.  Methods  for  measuring  CO,  NO,  NO2,  and  UHC  were  to  be 
sensitive  to  concentrations  to  10  ppmw  and  accurate  to  within 
±5  ppmw.  For  CO2  and  water  vapor,  the  measurement  ac¬ 
curacies  were  to  be  within  *0. 05%  by  weight. 

8.  All  exhaust  constituents  were  to  be  measured  at  the  same  time 
under  steady-state  operating  conditions,  and  local  sampling 
point  temperature  and  pressure  conditions  were  also  to  be 
recorded.  In  addition,  absolute  humidity  (weight  of  water  per 
unit  weight  of  dry  air)  of  the  combustor  inlet  air  was  to  be 
noted  periodically  during  a  test  run. 

9.  All  tests  were  to  be  conducted  using  JP-5  fuels. 

3.  Experimental  Combustors 

a.  General 

Tests  conducted  to  evaluate  design  concepts  in  Phase  II  were  accomplished 
using  derivatives  of  an  annular  research  burner  that  had  the  basic  arrangement 
shown  in  figure  44.  This  hardware  was  designed  to  be  generally  representative 
of  conventional  static-fed  combustors.  Diameters  of  the  outer  and  inner  liners 
of  the  flametube  were  18  and  10  in. ,  respectively.  The  length  of  the  burner  from 
the  primary  fuel  nozzle  injection  station  at  the  dome  to  the  exit  plane  of  the  dis¬ 
charge  transition  duct  was  16  in.  The  combustor  was  fabricated  from  heavy-gage 
(0. 0625  in. )  Hastelloy-X  sheet  stock.  This  unusually  thick  material  was  selected 
for  the  research  burner  to  provide  physical  resistance  to  overcome  both  geometrical 
distortions  associated  with  thermal  stresses  developed  during  testing  and  mechanical 
forces  generated  during  programmed  modifications.  The  walls  and  dome  were  film- 
cooled  by  air  entering  the  combustor  through  judiciously  placed  louvers  along  the 
inner  and  outer  liners. 

The  first  arrangement  of  the  basic  research  burner  is  referred  to  as  com¬ 
bustor  A.  This  hardware  and  its  modifications  were  used  to  evaluate  the  air  and 
fuel  staging  concepts.  The  second  arrangement  is  referred  to  as  combustor  B. 

This  burner  and  its  modifications  were  used  to  evaluate  the  fuel-air  premixing 
concept.  Detailed  descriptions  of  combustors  A  and  B  are  presented  in  the  fol¬ 
lowing  paragraphs. 

Combustors  A  and  B  both  had  the  same  nominal  design  points  a  reference 
velocity  of  100  ft/sec,  and  a  temperature  rise  commensurate  with  an  overall  fuel 
air  ratio  of  0.022. 

To  simplify  the  test  matrix,  all  tests  were  conducted  at  one  inlet  pressure 
(approximately  15.5  psia),  and  for  most  tests,  the  inlet  temperature  was  held 
constant  at  400°F.  This  temperature  corresponds  approximately  to  idle  conditions 
for  an  advanced  high  pressure  ratio  engine. 
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Figure  44.  Combustor  A  Prior  to  Installation  in  FE  112131 

Rig  Case 

For  the  purpose  of  calculating  airflow  distributions  within  the  combustors, 
actual  hole  areas  were  multiplied  by  discharge  coefficients  of  0. 62  for  penetra¬ 
tion  holes  and  0.80  for  cooling  holes.  In  combustor  A,  a  discharge  coefficient 
of  0. 85  was  used  for  the  primary  air  swirlers.  In  combustor  B,  the  premixing 
tube  flowrates  were  determined  experimentally  a?  a  function  of  total  pressure 
drop  prior  to  the  combustor  test  program.  In  combustor  A,  the  total  pressure 
drop  of  the  liner  was  1. 8%;  in  combustor  B,  a  pressure  drop  of  3. 5%  was  used 
to  enhance  operation  of  the  premixing  tubes. 

b.  Combustor  A 

Combustor  A  was  arranged  to  easily  accommodate  modifications  required 
for  the  evaluation  of  air  and  fuel  staging  concepts.  It  was  provided  with  two  fuel 
injection  stations,  as  shown  in  figure  45.  The  first  station  was  located  in  the 
dome  and  served  the  primary  zone  in  both  air  and  fuel  staging  tests.  The  other 
station,  located  halfway  between  the  dome  and  the  exhaust  plane,  served  the  sec¬ 
ondary  zone  in  the  fuel-staging  tests.  The  primary  zone  fUel  system  consisted 
of  14  fuel  nozzles  evenly  spaced  along  the  mean  circumference  of  the  dome.  The 
fUel  nozzles  used  in  both  primary  and  secondary  zones  were  pressure  atomizing, 
simplex  type,  producing  a  90-deg  dispersion  angle  hollow  oone  spray.  The  sec¬ 
ondary  zone  fUel  system  consisted  of  14  fuel  nozzles  mounted  on  the  outer  liner  of 
the  combustor  so  that  the  spray  axis  of  each  nozzle  was  normal  to  the  horizontal 
axis  of  the  combustor.  The  nozzles  were  centered  within  holes  in  the  outer  liner 
through  which  secondary  combustion  air  entered.  Circumferential  locations  for 
the  secondary  nozzles  were  staggered  with  respect  to  those  for  the  primary  zone 
nozzles.  In  figure  46,  combustor  A  is  shown  with  secondary  nozzles  mounted  for 
fUel-staging  tests;  the  primary  zone  fuel  nozzles  are  not  mounted. 
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Figure  45.  Research  Combustor  Arrangement  FO  71991 

The  combustor  A  penetration  air  hole  pattern  consisted,  first  of  all,  of 
28  primary  holes  in  each  of  the  inner  and  outer  liners;  these  holes  were  staggered 
circumferentially  with  respect  to  both  the  primaxy  and  secondary  nozzles.  Next, 

28  dilution  slots  in  each  liner  were  located  in-line  circumferentially  with  either 
primary  or  secondary  zone  fuel  nozzles.  Finally,  28  intermediate  zone  holes 
were  located  in  the  outer  liner  only,  with  alternate  holes  serving  as  injection 
ports  for  the  secondary  nozzles.  All  penetration  holes  were  equally  spaced 
around  the  circumference  of  the  combustor,  and  directly  opposed  to  corresponding 
holes  in  the  opposite  liner. 

Rows  of  film  cooling  air  holes  were  located  at  four  axial  stations  on  each  of 
the  inner  and  outer  combustor  liners,  at  one  station  on  each  of  the  outer  and  inner 
transition  liners,  and  in  a  circular  pattern  around  each  primary  zone  nozzle  boss. 
Cooling  airflow  passing  through  these  holes  impinged  on  louvers  attached  to  the 
inside  surfaces  of  the  walls  and  was  directed  along  those  surfaces  as  a  convective 
cooling  film. 

Flame  stabilization  in  the  primary  zone  was  accomplished  by  14  axial  flow 
air  swirlers  mounted  around  the  primaxy  nozzles;  and  by  recirculation  flow  from 
the  primary  penetration  air  jets.  The  axial-flow  air  swlrler  around  each  ftiel 
nozzle  had  an  outer  diameter  of  1. 68  in. ,  an  inner  diameter  of  1. 20  in. ,  and  in¬ 
corporated  16  vanes.  In  alternating  locations,  swirlers  contained  vanes  arranged 
at  an  angle  of  45  deg  to  the  horizontal  axis;  in  the  remaining  seven  locations, 
swirlers  contained  vanes  arranged  at  an  angle  of  135  deg  to  the  horizontal  axis. 

In  accomplishing  the  air  staging  tests,  changes  in  oombustor  airflow  dis¬ 
tribution  were  achieved  fay  varying  the  areas  of  the  penetration  and  cooling  holes, 
and  the  primaxy  swlrler  passages.  This  was  done  by  affixing  temporary  sheet  metal 
patches  containing  the  required  hole  areas  atop  existing  air-entry  boles.  Eaoh  air¬ 
flow  distribution,  therefore,  Involved  only  simple  modifications  to  the  oombustor 
hardware;  to  ohange  from  one  air  distribution  to  another,  all  that  was  Involved 
was  to  remove  existing  patohes  and  replace  them  with  a  new  set.  This  method 
was  also  used  to  set  up  the  required  airflow  distributions  for  the  fUel-staging 
tests  and  for  all  other  tests  conducted  with  combustor  A.  Figure  46  shows  oom¬ 
bustor  A  as  it  was  modified  for  Scheme  4-1  A. 
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Figure  46.  Combustor  A  Modified  for  Scheme  4-iA  FE  119108 
Arrangement 

c.  Combustor  B 

The  principal  differences  between  combustors  A  ard  B  were  that  com¬ 
bustor  B  was  provided  with  premixing  tube  fuel  inject  replace  the  primary 
zone  fuel  nozzles  and  primary  air  swirler  is  used  in  coi>a.ue.to:  A,  and  that  the 
secondary  fuel  injection  station  used  in  combustor  A  was  eliminated.  A  schematic 
diagram  of  combustor  B  is  presented  in  figure  47. 

The  tubes  were  mounted  in  the  bosses  used  for  the  primary  nozzle/s  wirier 
assemblies  in  combustor  A.  Changes  in  combustor  airflow  distribution,  as  re¬ 
quired  for  the  various  tests  performed  wit)}  combustor  B,  were  accomplished  by 
means  of  the  temporary  sheet  metal  patches  described  earlier.  Each  of  the  pre¬ 
mixing  tube  fuel  injector  assemblies,  shown  in  detail  in  figures  48  and  49,  con¬ 
sisted  of  a  1-inch  diameter  premixing  tube  with  a  pressure- atomizing  fuel 
nozzle  mounted  in  one  o.id  and  a  primary  air  swirler  mounted  in  the  other.  Air 
was  forced  through  the  tube  by  the  differential  pressure  acting  across  the  com¬ 
bustor.  An  inlet  venturi  minimized  total  pressure  loss  at  the  entrance  to  the 
premixing  tube  and  a  centerbody  mounted  in  the  swirler  provided  a  low  loss 
transition  to  the  annular  swirler  passage  at  the  exit.  The  fuel  nozzle  used  Was 
a  pressure  atomizing,  simplex  type  having  a  90-deg  dispersion  angle  hollow  spray 
cone.  Initial  atomization  and  distribution  of  the  fuel  in  the  air  entering  the  tube 
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was  provided  by  the  fuel  nozzle.  Subsequent  atomization  occurred  in  the  pre¬ 
mixing  tube  as  the  result  of  droplet  shattering  in  the  high  velocity  airstream. 
Dispersion  of  droplets  in  the  airstream  also  occurs,  along  with  initial  vaporiza¬ 
tion  and  mixing  of  fuel  vapor  and  air.  At  the  swirler  discharge  plane,  an  airflow 
def  ector  ring  was  mounted  at  the  end  of  the  outer  wall.  This  ring  served  as  a 
final  means  for  atomizing  ftiel  that  might  have  collected  on  the  wadi  of  the  tube. 
High  velocity  air  passing  over  the  lip  of  the  deflector  broke  up  any  film  of  liquid 
fuel  on  the  wall,  shearing  it  into  small  droplets. 


Figure  49.  Carburetioo  Tube  Assembly  Prior  FE  123804 

to  Teat 


The  premixing  tubes  used  in  combustor  B  were  6  in.  long.  This  length 
wss  determined  from  preliminary  flow  testa  to  be  adequate  for  good  intermixing 
of  fuel  and  air.  Although  it  is  believed  that  shorter  tube  lengths  may  also  suffice, 
no  attempt  was  made  in  Phase  II  to  determine  the  minimum  length  required.  In¬ 
stead,  a  margin  of  p  re  mixing  capability  was  sought,  so  that  the  test  program 
could  be  directed  toward  determining  the  effects  of  premixing  on  emissions 
rather  than  methods  for  implementing  it.  The  tubes  were  designed  to  prevent 
flameholding  and  autoignition  within  the  premixing  passages  fay  providing  mixture 
residence  times  much  shorter  than  those  needed  for  s  sustained  reaction.  This 
approach  allowed  tael-f\lr  equivalence  ratios  near  the  stoichiometric  value  to  be 
maintained  in  the  tube:  providing  the  capability  for  premixtng  all  the  primary 
cone  tael  and  air  (cooling  airflow  excluded!.  At  a  typical  operating  point,  the 
mixture  velocity  within  the  tube  was  approximately  200  ft/sec  at  an  equivalence 
ratio  of  0. 8  for  a  combustor  overall  tael-alr  ratio  of  0. 008.  Flameholding  within 
combustor  B  was  provided  primarily  fay  the  premixing  tube  swlrlers;  in  some 
tests,  it  was  also  provided  by  recirculating  flow  from  primary  penetration  air 
)ets. 
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4.  Test  Rig  and  Stand 


The  test  rig  used  in  the  experimental  program  is  shown  schematically  in 
figure  SO.  It  consisted  of  a  large  upstream  plenum  chamber,  a  test  section  in 
which  the  combustor  was  mounted,  and  a  traverse  case  containing  temperature, 
pressure,  and  gas-sampling  probes.  The  traverse  case  was  also  used  to  collect 
exhaust  gas  from  the  test  section  and  to  direct  this  gas  into  the  exhaust  system  of 
the  test  facility.  The  upstream  plenum  chamber  was  designed  to  dlfAise  the  com¬ 
bustor  inlet  airflow  to  very  low  velocities  to  minimize  the  possibility  of  obtaining 
nonuniform  flow  distributions  around  the  combustor.  External  aerodynamic  in¬ 
fluences  were  not  considered  in  this  research  program. 

"Unvitiated  air  was  supplied  to  the  combustor  from  the  bleed  ports  of  a  J75 
turbojet  slave  engine.  An  indirect  heat  exchanger  was  provided  in  the  airflow 
system  to  maintain  combustor  inlet  air  temperature  at  the  desired  level.  In 
most  of  the  tests  conducted  in  this  program,  the  rate  of  airflow  to  the  combustor 
was  approximately  6  lbj^/sec  and  the  air  temperature  was  maintained  at  approxi¬ 
mately  400*F.  All  tests  were  conducted  at  combustion  ohamber  pressure*  slightly 
above  atmospheric. 

5.  Traverse  and  Sample-Gas  Transfer  Systems 

Temperature,  pressure,  and  exhaust  gas  composition  distributions  for  the 
entire  exhaust  gas  flowfleld  at  the  exit  plane  of  combustors  A  and  B  were  deter¬ 
mined  during  each  experimental  test.  A  four-arm,  rotating  traverse  probe 
assembly,  shown  schematically  in  figure  51,  and  during  assembly  in  figure  52, 
was  used  in  the  accomplishment  of  these  measurements.  Two  of  the  probe  arms, 
located  180  deg  apart,  had  five  equally  spaced,  radially  positioned  platinum/ 
platinum- 10%  rhodium,  aspirated  thermocouples  alternating  with  four  comparably 
spaced  total-pressure  probes.  The  remaining  two  probe  arms,  also  located  180  deg 
apart,  but  positioned  circumferentially  halfway  between  the  first  pair  of  arms,  con¬ 
tained  inlet  ports  at  five  equally  spaced  radial  positions  through  which  a  small 
quantity  of  exhaust  gas  from  the  oombustor  was  continuously  abstracted.  The  inlet 
porta  for  one  arm  are  shown  in  figure  53.  Gas  entering  the  inlet  ports  discharged 
into  a  common  line  in  each  arm.  The  gas  samples  from  each  line  then  discharged 
into  a  single  manifold.  This  consolidated  sample  was  directed  through  a  heated 
transfer  line  to  a  set  of  on-line  gas  analysis  instruments  {deaorlbed  in  the  para¬ 
graph  B.  6,  following)  from  whit*  the  average  composition  of  the  exhaust  gas  at 
a  fixed  circumferential  location  was  obtained.  Up  to  the  Teflon,  electrically 
heated  transfer  line  shown  In  figure  54,  the  gas  sample  line  was  fabricated  from 
stainless  steel. 

As  the  traversing  probe  was  rotated  through  an  angto  of  180  deg  around 
the  centerline  of  the  burner,  each  pair  of  arms  surveyed  half  of  the  combustor 
discharge  annulus.  An  entire  360^deg  survey  was  thereby  accomplished  by 
rotating  the  traversing  probe  system  through  only  180  deg.  For  the  tests  con¬ 
ducted  in  this  program,  exit  plane  measurements  for  a  full  traverse  were  taken 
at  12-deg  intervals  during  the  180-deg  survey.  A  total  of  160  discrete  tempera¬ 
ture  measurements,  120  discrete  pressure  measurements,  and  15  ten-point 
average  exhauat  gas  composition  measurements  were  obtained  In  each  survey. 
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In  the  initial  gas  sampling  and  analysis  system,  combustor  exhaust  gas 
was  transferred  from  the  ex*t  traverse  probe  to  the  mobile  gas  analysis  cart 
through  two  10-ft  sections  of  well-insulated,  electrically  heated  Teflon  tubing 
having  a  wall  thickness  of  0. 035  in.  After  a  number  of  tests  bad  been  conducted, 
analysis  of  the  data  indicated  the  presence  of  a  leak  in  the  Beckman  Instruments- 
supplied  Teflon  tubing.  Subsequent  physical  examination  of  the  line,  after  the 
insulation  had  been  removed,  revealed  a  large  crack  in  the  tube  wall  approximately 
4  ft  from  the  beginning  of  the  second  section  of  transfer  line;  a  location  where  the 
line  was  subjected  only  to  the  load  resulting  from  its  own  weight. 

Generally,  if  .he  gas-sample  pressure  in  the  transfer  line  is  greater  than 
ambient,  leakage  o)  the  gar  sample  to  the  environment  does  not  present  a  prob¬ 
lem;  the  leakage  is  always  from  inside  to  outside.  Howeyer,  if  the  gas  sample 
pressure  is  subatmospheric,  no  leaks  whatsoever  can  be  tolerated,  because  a 
flow  of  ambient  air  into  the  sample  gns  will  occur,  which  will  dilute  the  sample 
an  indeterminate  amount.  In  the  rig  arrangement  used  in  Phase  n,  the  sample 
gas  pressure  was  subatmospheric;  consequently  no  leaks  could  be  allowed.  This 
necessitated  development  and  use  of  procedures  to  ensure  that  there  were  no 
leaks  in  the  sampling  and  measurement  syste  a. 

An  investigation  of  the  line  failure  was;  conducted.  It  was  determined  that 
the  transfer  line  sup  by  the  vendor  wa3  faulty,  and  that  this  was  a  problem 
that  had  been  report.  ,  by  a  number  of  their  customers.  The  vendor  stated  that 
the  quality  of  Teflon  that  they  had  received  from  their  supplier  was  inferior  to 
the  grade  stipulated  by  Beckman  and  that,  as  a  consequence,  the  heated  lines 
showed  a  propensity  to  explode  during  use. 

The  remaining  10-ft  section  of  transfer  line  was  then  scrupulously  Inspected. 
After  it  was  certain  that  there  were  no  visible  flaws,  the  line  was  reinsulated  and 
connected  to  the  sampling  probe  discharge  line  and  to  the  UHC  analyzer  inlet  line. 
(The  cart  and  related  equipment  were  moved  closer  to  the  combustor  rig  to  accom¬ 
modate  the  decreased  length  of  transfer  line. ) 

Figure  54  is  a  schematic  diagram  of  the  sample-gas  transfer  system  as  it 
was  originally  arranged  for  tests  No.  1-1A-1  through  No.  1-1A-20;  figure  55  is 
a  schematic  diagram  of  the  system  as  it  was  arranged  for  tests  commencing 
with  No.  1-lB-l.  The  single  section  of  transfer  line,  shown  in  figure  55,  was 
used  throughout  the  rest  of  the  program  without  incident. 

In  this  experimental  program  the  temperature  of  the  gas  sample  was  main¬ 
tained  at  an  elevated  level  from  the  probe  tip  to  the  UHC  analyzer.  Keeping  the 
sample  hot  should  prevent  FID-detectable  species  from  condensing  in  the  transfer 
line.  (See  Reference  28.)  The  Teflon  portion  of  the  transfer  line  was  electrically 
heated;  the  remaining  stainless  steel  sections  of  the  line  were  convectively  heated 
using  hot  air  from  an  external  source. 

Sample  gas  temperatures  were  closely  monitored  along  the  transfer  circuit 
from  the  probe  tip  to  FID  analyzer.  As  shown  in  figure  56,  four  thermocouple 
stations  were  in  the  gas  transfer  circuit  for  tests  up  to  No.  1-1A-20.  Three 
thermocouple  stations  were  incorporated  during  tests  commencing  with  No.  1-lB-l, 
The  variations  in  sample  gas  temperature  with  flowpath  location  for  tests  conducted 
in  Phase  II  are  shown  in  figures  57  and  58.  As  observed,  sample  gas  temperatures 
were  quickly  reduced  to  values  below  those  that  would  encourage  continuing  reactions 
among  the  exhaust  species,  but  above  those  levels  at  which  condensation  of  UHC 
species  could  be  a  problem. 
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6.  Exhaust  Gas  Analysis  System 

The  composition  of  exhaust  gas  abstracted  at  the  exit  plane  of  combustors  A 
and  B  was  determined  using  an  on-line,  mobile  ‘nstrumentation  system;  which  was 
developed  independently  of  this  exploratory  deve’^ment  program-  Tne  instru¬ 
mentation  system  is  shown  schematically  in  figure  59  and  on  location  at  the  test 
stand  in  figure  60.  It  consisted  of  the  appropriate  c'rcuics,  controls,  and  quantita¬ 
tive  analytical  instrumentation  to  determine  the  concentrations  of  UHC,  CO,  CO2, 

NO,  NOg,  water  vapor,  and  0£.  UHC  concentrations  were  determined  using  a 
modified  Beckman  402  flame  ionization  detector  (FIO);  concentrations  of  CO,  CO2 
and  water  vapor  were  determined  using  modified  MSA  Lira  Model  Series  300  non- 
dispersive  infrared  (NDIR)  analyzers;  NO  concentrations  were  determined  using 
a  modified  Beckman  Model  Series  315  NDIR  analyzer;  concentrations  of  NO2  were 
determined  using  a  modified  Beckman  Model  Series  255  nondispersive  ultraviolet 
(NDUV)  analyzer;  and  concentrations  of  O2  were  determined  u~ing  a  Beckman 
Model  Series  742  polarographic  analyzer.  Prior  to  our  modifying  the  Beokman 
equipment,  serious  delays  in  accomplishing  the  program  objectives  were  encountered 
because  of  design,  development,  and  field  support  problems  with  the  analyzers  as 
received  from  the  ireador. 
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Figure  57.  Variation  in  Sample  Gas  Temperature  with  DF  96046 
Length  for  Original  System 


Figure  58.  Variation  in  Sample  Gas  Temperature  with  DF  96047 
Length  for  Modified  System 
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X  Oran  Temperature 
6.  Calibration  Om 


7.  Hydrocarbon  Analyxar 
S.  Water  Vapor  Analytar 
X  Nitric  Oxide  Anatynr 

10.  Nltroyan  Dioxide  Analytar 

11.  Carbon  Monoxide  Analytar 

12.  Carbon  Dioxide  Analytar 


13.  Cooling  Coil  and  lot  Bath 

14.  Water  Sample  Tap 
IX  OOMkron  Filter 
IX  Oxygen  Analytar 
17.  Burner  Temperature 
IX  Nig  Air  Sample  Inlet 


Figure  69.  Schematic  Diagram  of  Instrumentation  FD  71998 
Measurement  System 


The  instruments  were  calibrated  using  vendor- certified  span  gases.  Typical 
certifications  obtained  for  the  calibration  gases  are  shown  in  figures  61  and  62. 

The  gases  were  supplied  In  desired  concentrations  of  the  species  of  interest  in 
carrier  or  dilution  gases.  Standard  high-pressure  cylinders  were  used  for  ship¬ 
ment  of  the  gases  from  the  vendor  and  for  their  subsequent  storage.  The  shelf 
life  for  the  majority  of  the  calibration  gases  containing  the  speoles  of  interest 
was  unlimited;  however,  the  operating  shelf  life  for  the  NO  and  NOg  gases  was 
finite.  The  vendor  recommended  that  these  gases  be  replaced  after  3  months. 
Nitrogen  was  used  as  the  carrier  gas  for  all  of  the  calibration  fluids  except 
NO2;  In  this  case  air  had  been  recommended  and  used  by  the  vendor. 
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Figure  60.  Instrumentation  Measurement  System  FE  124483 

The  analyzers  in  the  exhaust  gas  analysis  system  had  the  following  character¬ 
istics.  The  possible  full-scale  error  for  each  of  the  multiple  ranges  of  the  UHC 
analyzer  was  ±1%;  the  maximum  full-scale  sensitivity  for  this  instrument  was 
0-1  ppmv.  The  CO  analyzer  had  a  maximum  fall- scale  sensitivity  of  0. 1%  CO 
(by  volume)  with  a  possible  fall-  scale  error  of  *0. 2%.  The  NO  and  NO2  analyzers 
had  maximum  fall-scale  sensitivities  of  0-500  ppmv  and  0-200  ppmv,  respectively; 
their  possible  full-scale  errors  were  1.5  ppmv  and  1  ppmv,  respectively.  The 
water  vapor  analyzer  had  a  maximum  full-scale  sensitivity  of  0-1%  H20  (by  volume) 
with  a  possible  full-scale  error  of  t0. 2%.  Finally,  the  fall-scale  sensitivity  of  the 
Ojuanalyzer  in  the  range  used  during  the  Phase  II  tests  (0-25%  02,  by  volume)  was 


The  Instrumentation  system  shown  in  figure  59  Incorporated  two  independent 
gas-sample  transfer  circuits.  These  circuits  emanated  from  the  single,  heated, 
exhaust  gas  supply  line  that  delivered  exhaust  gas  from  the  traverse  probe  to  the 
instrumentation  system.  (See  paragraph  B.  5. )  One  circuit  was  externally  heated; 
sample  gas  flowing  along  this  path  was  directed  to  the  FID  for  UHC  analysis.  The 
second  circuit  was  insulated  but  not  heated  externally;  sample  gas  flowing  into  thts 
path  was  directed  through  three  parallel  lines.  One  line  was  direoted  to  the  NDIR 
water  vapor  analyzer;  one  line  was  directed  to  the  NO  and  NO*>  analyzers  (which 
were  arranged  in  parallel);  and  one  line  was  directed  to  the  distribution  manifold. 
The  gas  sample  was  not  physically  or  chemically  conditioned  (other  than  being 
directed  through  filter  screens)  prior  to  its  entering  the  water  vapor  and  NO2 
analyzers.  The  gas  sample  was  conditioned,  however,  prior  to  its  entering  the 
remaining  analyzer.  A  drying  or  absorbing  agent  contained  in  a  cylinder  was 
incorporated  at  the  inlet  to  the  NO  NDIR  analyzer  to  eliminate  water  vapor  from 
the  sample  gas  and  prevent  its  interfering  with  the  NO  analysis. 
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The  sample  gas  flowing  to  the  distribution  manifold  was  directed  through  a 
line  contained  within  an  ice-water  bath  upstream  of  the  manifold  to  condense  the 
major  part  of  the  water  contained  therein.  The  partially  dried  gas  sample 
leaving  the  condenser  and  the  manifold  to  enter  the  CO,  CO2,  and  O2  analyzers 
was  further  dried  by  passing  through  cylinders  containing  drying  agents  imme¬ 
diately  upstream  of  the  analyzers. 

The  condensed  water  from  the  sample  gas  was  removed  from  the  ice-water 
bath  after  each  full-traverse  test  and  the  pH  of  the  condensate  was  measured  using 
calibrated  pH  paper  and  a  Beckman  Model  Series  SS-1  pH  meter.  No  pH  measure¬ 
ments  were  made  after  partial-traverse  tests  because  the  quantify  of  condensate 
was  essentially  negligible.  Full  and  partial-traverse  tests  are  defined  later. 

(See  paragraph  B.8,  Test  Classification.) 

7.  Concept  Evaluation 

a.  Air  and  Fuel  Staging 

With  reference  to  figure  63,  the  air  staging  and  fuel  staging  concepts 
evaluated  in  the  experimental  program  can  be  described  by  four  primary  param¬ 
eters.  The  first,  PSAR,  is  the  ratio  of  the  air  flowrate  in  the  primary  zone  to 
the  air  flowrate  in  the  secondary  zone.  The  second,  PSFR,  is  the  ratio  of  the 
fuel  flowrate  in  the  primary  zone  to  the  fuel  flowrate  in  the  secondary  zone.  The 
next,  PHIP,  is  the  fUel-air  equivalence  ratio  In  the  primary  zone.  The  fUel-air 
equivalence  ratio  is  defined  as  the  ratio  of  the  local  and  stoichiometrio  fuel-air 
ratios  for  the  fuel-air  mixture  of  interest.  The  last,  FA,  is  the  overull  fuel- air 
ratio  for  tho  combustor. 


Figure  63.  Research  Combustor  Nomenclature  FD  6674 1A 
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Three  of  the  preceding  four  variables  are  independent.  If  any  three  are 
specified,  the  fourth  can  be  readily  derived  from  the  combustor  geometry  shown 
in  figure  63. 


PSAR  “  [(PH1P)(0.  068)/FA]  [(PSFR  +  1)/PSFR]  -  l 


(29) 


pcpn  ligiSgl  (0t.068)/FAl  [PSAR/(PSAR  +  1)1 

‘  1-  [(PHIP)  (0. 068)/FA]  [PSAR/(PSAE  +  1)] 


(30) 


PHIP  =  (FA/0. 068)  (PSFR/ (PSFR  +  1)]  {(PSAR  +  1)/PSAR]  (31) 


(PHIP)  (0.068) _  _ 

'  (PSFR/(PSFR  +  1)]  [(PSAR  +  l)/PSAR] 


(32) 


Evaluation  of  the  air-staging  concept  involved  determining  the  variation  in 
distribution  and  concentration  of  exhaust  pollutants  with  the  air  distribution 
parameters  PSAR  and  PHIP,  and  the  overall  fuel-air  ratio,  FA,  at  specific  values 
of  combustor  inlet  air  temperature,  pressure,  and  flowrate.  A  practical  combustor 
design  based  upon  the  air-staging  concept  would  require  means  to  continuously  vary 
the  air  distribution  as  FA  was  varied.  No  attempt  was  made  to  synthesize  suoh  a 
configuration  in  this  program,  however.  Instead,  as  discussed  earlier,  a  research 
combustor  was  modified  to  have  sufficient  flexibility  to  facilitate  the  predetermined 
variation  of  airflow  distribution  into  the  burner.  For  discrete  values  of  PSAR,  the 
variation  in  emission  concentration  and  distribution  at  the  exit  plane  of  the  researoh 
burner  was  determined  over  a  range  of  overall  fuel- air  ratios.  Results  from  tests 
involving  Urn  systematic  variation  of  PSAR  were  then  combined  to  describe  results 
that  should  be  obtainable  from  a  combustor  having  a  continuously  modulating  air 
distribution  system. 

Evaluation  of  the  axial  fuel-staging  concept  Involved  determining  the  varia¬ 
tion  in  distribution  and  concentration  of  exhaust  pollutants  with  the  air  distribution 
parameters  PSAR  and  PHIP,  the  fticl-distribuUon  parameters  PSFR  and  PH1NT, 
and  the  overall  fuel- air  ratio,  FA,  at  specific  values  of  combustor  air  inlet  tem¬ 
perature,  pressure,  and  flowrate.  PHtNT  baa  been  defined  as  the  intermediate- 
zone  equivalence  ratio.  (See  figure  63. )  Each  test  series  consisted  of  selecting 
a  discrete  value  of  the  air  distribution  parameter  PSAR,  which  established  the 
primary- sene  equivalence  ratio  PHIP,  and  increasing  the  overall  fuel-air  ratio 
by  introducing  additional  foel  into  the  combustor  through  the  secondary  fuel  nozzles 
located  downstream  of  the  primary  zone.  As  FA  was  increased,  then,  PSFR  de¬ 
creased  and  PHtNT  Increased. 

b.  Premixing 

Whereas  the  air  and  fuel  staging  concepts  described  in  the  preceding  section 
could  be  readily  evaluated  with  respect  to  four  derived  parameters,  this  was  not 
found  to  be  the  case  with  the  fuel-air  premixing  concept.  Although  some  param¬ 
eters  peculiar  to  the  premixing  ooocept  were  derived,  and  are  described  later  In 
this  report,  it  was  felt  that  the  operational  characteristics  and  performance  of 
the  premixing  tubes  could  be  better  determined  by  examining  teem  ae  a  function 
of  general  variables.  The  general  variables  investigated  included  liner  total 
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pressure  drop,  primary  airflow  distribution,  and  primary  fuel  flow  distribution. 
Evaluation  of  the  premixing  concept,  then,  involved  determining  the  variation  In 
distribution  of  exhaust  pollutants  with  variations  in  these  general  factors. 

8.  Test  Classification 

Two  types  of  tests  were  conducted  during  this  experimental  program.  The 
first  was  a  full-traverse  test  in  which  a  detailed  examination  of  the  temperature, 
pressure,  and  composition  field  was  made  at  the  discharge  plane  of  the  combustor. 
Measurements  taken  during  a  full-traverse  test  were  described  earlier.  (See 
paragraph  B.5,  Traverse  and  Sample  Gas  Transfer  System.) 

The  second  was  a  partial  traverse  test  in  which  the  traversing  probe  was 
not  rotated  through  a  full  360  deg  to  acquire  data  at  15  circumferential  locations. 
Instead,  the  probe  was  rotated  through  less  than  360  deg  and  data  at  less  than 
15  circumferential  locations  were  obtained.  In  some  cases,  the  traverse  probe 
was  held  stationary  at  a  single  location  that  was  essentially  representative  of  an 
average  species  concentration,  and  combustor  operating  conditions  were  varied 
to  examine  the  resulting  trends.  Partial-traverse  tests  were  also  used  when, 
during  the  conduct  of  a  full-traverse  test,  it  became  apparent  that  the  design  con¬ 
cept  being  investigated  did  not  show  sufficient  promise  to  justify  a  full-traverse 
test.  The  partial-traverse  test  provided  a  means  to  acquire  a  great  deal  of  In¬ 
formation  expeditiously  regarding  the  identification  and  development  of  improved 
component  design  techniques. 

In  the  graphical  presentation  of  data  shown  in  th*  following  sections,  full- 
traverse  data  are  represented  by  open  symbols}  partial- traverse  data  are  repre¬ 
sented  by  closed  or  darkened  symbols. 

9.  Combustor  A  Test  Program 
a.  General 

Combustor  A  was  used  to  investigate  the  general  concept  of  controlling 
primary- tone  equivalence  ratio  over  a  wide  range  of  ftiel-air  ratios.  Two 
principal  means  of  accomplishing  this  control  were  considered;  axial  air  staging, 
or  variable  airflow.  In  which  the  rate  of  airflow  to  the  primary  rone  was  varied 
with  a  concomitant  variation  In  secondary  and  dilution  airflow  rate  to  maintain 
a  constant  total  pressure  drop  across  the  burner  as  the  primary-tone  fuel  flow¬ 
rate  was  changed}  and  fuel  staging,  or  variable  fuel  flow,  in  which  the  airflow 
distribution  throughout  the  burner  remained  fixed,  and  one  fuel  injection  tone 
was  used  for  low-power  (low  fuel-air  ratio)  operation  and  soother  tom  was  used, 
in  combination  with  the  first,  tor  augmentation  to  high-power  (high  fUet-air  ratio) 
operation.  (See  figure  S3  for  the  regions  in  the  burner  defined  as  the  primary, 
secondary,  and  dilution  tones. )  Although  one  typo  of  air-staging  was  evaluated, 
axial,  in  which  the  amount  of  air  allowed  into  each  of  the  three  principal  tones 
was  controlled  (paragraph  B.7,  Concept  Evaluation),  two  types  of  ftiel  staging  were 
examined.  The  first  was  axial  fuel  staging  in  which  the  secondary  ftwl  injection 
tone  was  slgntficaaiiy  separated  in  the  axial  dtreci'-m  from  the  printary  fuel 
injection  tone  (as  shown  in  figures  46  and  S3).  The  second  was  circumferential 
fuel  staging  in  which  the  primary  tone  of  the  combustor  was  supplied  with  fuel 
from  only  seven  of  the  fourteen  normal,  dome-mounted  fuel  aonalee.  to  some  of 
these  fUel-stagtog  tests,  seven  sequentially  located  fuel  aossle*  were  used  (the 
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remaining  seven  sequentially  located  fuel  nozzles  were  disconnected  from  the 
fuel  supply  manifold).  In  the  remaining  circumferential  fuel-staging  tests,  seven 
alternately  located  fuel  nozzles  were  used  (the  remaining  seven  alternately  located 
fuel  nozzles  were  disconnected  from  the  fuel  supply  manifold). 

In  the  following  paragraphs,  the  results  of  the  combustor  A  test  program 
are  presented.  Observations  and  conclusions  offered  are  those  derived  from  an 
experimental,  phenomenological  viewpoint.  A  comparison  of  the  experimental 
data  obtained  during  the  evaluation  of  combustor  A  with  predictions  generated 
using  the  general  analytical  model  described  in  Section  in  Is  presented  In  Section  V. 
The  paragraphs  are  arranged  in  the  general  sequence  in  which  the  experimental 
program  was  accomplished,  commencing  with  the  determination  of  baseline  emis¬ 
sion  characteristics  for  the  research  combustor  used,  and  concluding  with  the 
results  obtained  from  the  circumferential  fuel  staging  tests.  In  general,  the 
data  presented  and  discussed  include  combustion  efficiency,  determined  from 
both  exhaust  gas  temperature  and  species  concentration  measurements;  and 
pollutant  species  concentrations  and  distributions  as  functions  of  fuel-air  ratio 
for  specific  desipt  configurations.  Although  the  text  is  replete  with  graphical 
presentations  to  quantify  discussion  of  the  data,  no  extensive  tables  of  data  are 
interspersed.  Instead,  capacious  tables  of  data  are  offered  in  the  appendixes. 

b.  Baseline  Emissions  Characteristics 

The  intent  of  this  initial  series  of  tests  was  to  establish  baseline  emissions 
characteristics  for  combustor  A  over  a  range  of  fuel-air  ratios  that  encompassed 
both  low- power  and  high-power  conditions.  Results  from  these  tests  were  In¬ 
tended  to  serve  as  a  datum  for  a  representative  full-scale,  static-fed,  annular 
combustor  that  had  been  designed  without  provision  for  reducing  or  eliminating 
undesirable  exhaust  emissions.  The  results  were  to  serve  ss  a  basis  of  com¬ 
parison  for  test  results  that  were  to  be  obtained  later  in  the  experimental  program. 
The  baseline  configuration  of  combustor  A,  designated  Scheme  1-iA*  was  designed 
to  operate  at  an  overall  fUel-air  ratio  of  0. 022.  A  summary  showing  the  airflow 
distribution  schedule  for  Scheme  1- '  a  is  presented  in  figure  64.  At  the  overall 
design  fuel- air  ratio  of  0.022,  the  primary-zone  equivalence  ratio  (PHIP)  for 
this  configuration  was  0.7,  and  the  primary- to- secondary  airflow  rate  ratio 
(PSAR)  was  0.66  (this  wax  the  highest  value  of  P5AR  evaluated  during  the  com¬ 
bustor  A  test  program).  The  total  amount  of  air  used  for  cooling  of  the  Scheme  1-1 A 
burner  (CQOLP)  was  approximately  30%  of  the  combustor  total  airflow.  This  was 
a  conservative  amount  that  had  provided  ample  cooling  of  the  liners  in  previous 
tests  using  tills  combustor.  Approximately  30%  of  this  tots!  was  used  for  cooling 
the  liners  and  dome  in  the  primary  zone  (CAP),  The  amount  of  air  entering  the 
primary  zone  through  the  dome-mounted  fuel  nozzle  swirlers  (SWAP)  was  approxi¬ 
mately  ohe-third  of  the  total  air  mitering  the  primary  zone.  The  remaining  air 
entering  the  primary zone  to  achieve  a  PKfP  of  0.7  at  a  fuel-air  ratio  of  0.022 
warn  defined  as  primary  penetration  air  (PAP).  Dilution- zone  penetration  air 
was  supplied  equally  from  the  ID  and  QD  line  re.  As  described  earlier,  there 
were  two  sir  penetration  holes  for  each  primary  fuel  injector;  this  was  considered 
to  be  Consistent  with  conventional  practice,  providing  an  acceptable  scale  of  turbu¬ 
lence  for  mixing.  The  exact  arrangement  and  location  of  air  supply  holes  is  shown 
in  figure  44. 
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in  the  course  of  the  initial  baseline  tests  with  Combustor  Scheme  l-l A,  it 
became  apparent  that  the  combustion  efficiencies  being  obtained  in  the  low  A*el- 
air  ratio  range  were  higher  than  those  thst  were  usually  experienced  in  practice 
with  conventional  combustors.  In  general,  combustion  efficiency  would  be  ex¬ 
pected  to  peak-out  at  its  design-point  value  (to  this  case  0,022)  and  then  gradually 
drop  off  as  the  fuel-air  ratio  was  reduced  to  that  corresponding  to  idle  operation. 

An  ostensible  reason  for  the  results  obtained  was  that  the  fuel  injectors 
being  used  provided  a  greater  degree  of  tool  atomisation  at  the  low  flowrate* 
associated  with  idle  operation  than  tool  noaxles  typically  used  to  practice.  The 
toet  injectors  used  to  the  initial  baseline  tests  were  common,  simplex,  oil- 
burner  noxales  that  provided  a  90-deg,  bollow-cone  dispersion  of  JP-5  fuel  at 
a  design-point  flowrate  of  4  gph  at  a  differential  pressure  of  12$  psi. 

Accordingly  then,  a  second  series  of  baseline  test#  was  conducted  using 
the  same  combustor  arrangement,  but  a  different  set  of  fuel  nox*le*.  The  over¬ 
all  combustor  scheme  used  for  these  test#  was  referred  to  as  1-1  ft.  The  re¬ 
placement  nozxlc*  were  also  common,  simplex,  oil-burner  injectors  that  pro¬ 
vided  a  90-deg,  hollow- cone  dispersion  of  J  ft- 5  fuel;  however,  their  design-point 
flowrate  was  2  gph  at  a  differential  pressure  of  )2$  psi.  The  ftiel  flowrate- 
pressure  drop  characteristics  for  the  two  sets  of  fuel  noxsles  are  shown  to  flg- 
t?ro  $5.  Although  no  experimental  determination  was  made  of  the  *pr^  char¬ 
acteristics  of  either  set  of  noxtles,  estimates  of  the  Sauter  mean  diameter  (HMD} 
of  the  spray  from  each  type  as  a  function  of  pressure  drop  were  made  using  the 
method  of  Reference  29,  (See  table  Mill.)  Lower  combustion  efficiencies,  more 
to  keeping  with  conventional  practice,  were  thus  obtained  to  the  idle  range  using 
the  2-gph  fuel  nozzles.  As  a  result  of  the  use  of  two  different  fuel  injectors,  a 
more  comprehensive  set  of  baseline  test  results  was  obtained. 
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Figure  66  shows  the  variations  in  combustion  efficiency,  using  both  tem¬ 
perature  and  exhaust  gas  analysis  measurements,  with  fuel-air  ratio  for  both 
sets  of  baseHne  tests.  Throughout  this  report  values  of  combustion  efficiency 
determined  using  temperature  measurements  will  be  referred  to  as  EFFMB; 
values  of  combustion  efficiency  determined  using  gas  analysis  measurements 
will  be  referred  to  as  EFFGA.  For  Combustor  Scheme  1-1A,  values  of  EFFMB 
ranged  from  92%  at  a  fuel-air  ratio  of  0.0027  tc  97%  at  fuel-air  ratios  above  0.006. 
On  the  other  hand,  EFFGn  was  higher  over  this  range  of  fuel- air  ratios,  from  ap¬ 
proximately  4  percentage  points  at  the  low-power  end  to  approximately  2  percent¬ 
age  points  ai.  the  higher.  This  trend  was  not  nearly  a3  pronounced  for  the  tests 
conducted  using  the  1-1  ri  configuration  even  though  generally  high  levels  of  com¬ 
bustion  efficiency  were  obtained.  In  fact,  the  number  of  tests  in  which  EFFMB 
was  greater  than  EFFGA  were  nearly  the  same  as  those  for  which  the  opposite 
was  observed. 
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Figure  64.  Summary  Sheet  for  Combustor  A  FD  71999 

Schemes  1-1A  and  i-lB 

In  the  course  of  the  initial  baseline  tests  with  Combustor  Scheme  1-1  A,  it 
became  apparent  that  the  combustion  efficiencies  being  obtained  in  the  low  fuel- 
air  ratio  range  were  higher  than  those  that  were  usually  experienced  in  practice 
with  conventional  combustors.  In  general,  combustion  efficiency  would  be  ex¬ 
pected  to  peak-out  at  its  design-point  value  (in  this  case  0. 022)  and  then  gradually 
drop  off  as  the  fuel-air  ratio  was  reduced  to  that  corresponding  to  idle  operation. 

An  ostensible  reason  for  the  results  obtained  was  that  the  fuel  injectors 
being  used  provided  a  greater  degree  of  fuel  atomization  at  the  low  Towrates 
associated  with  idle  operation  than  fuel  nozzles  typically  used  in  practice.  The 
fuel  injectors  used  in  the  initial  baseline  tests  were  common,  simplex,  oil- 
burner  nozzles  that  provi  ed  a  90-deg,  hollow-cone  dispersion  of  JP-5  fuel  at 
a  design-point  flowrate  of  4  gph  at  a  differential  pressure  of  125  psi. 

Accordingly  then,  a  second  series  of  baseline  tests  was  conducted  using 
the  same  combustor  arrangement,  but  a  different  set  of  fuel  nozzles.  The  over¬ 
all  combustor  scheme  used  for  these  tests  was  referred  to  as  1-1B.  The  re¬ 
placement  nozzles  were  also  common,  simplex,  oil-burner  injectors  that  pro¬ 
vided  a  90-deg,  hollow-cone  dispersion  of  JP-5  fuel;  however,  their  design-point 
flowrate  was  2  gph  at  a  differential  pressure  of  125  psi.  The  fuel  flowrate- 
pressure  drop  characteristics  for  the  two  sets  of  fuel  nozzles  are  shown  in  fig¬ 
ure  65.  Although  no  experimental  determination  was  made  of  the  spray  char¬ 
acteristics  of  either  set  of  nozzles,  estimates  of  the  Sauter  mean  diameter  (SMD) 
of  the  spray  from  each  type  as  a  function  of  pressure  drop  were  made  using  the 
method  of  Reference  29.  (See  table  VIII. )  Lower  combustion  efficiencies,  more 
in  keeping  with  conventional  practice,  were  thus  obtained  in  the  idle  range  using 
the  2-gph  fuel  nozzles.  As  a  result  of  the  use  of  two  different  fuel  injectors,  a 
more  comprehensive  set  of  baseline  test  results  was  obtained. 
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Figure  65.  Variation  in  Fuel  Flowrate  and  FA  FD  72145 

with  Pressure  Drop 


Table  vm.  Predicted  Droplet  Diameters 
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Figure  66  shows  the  variations  in  combustion  efficiency,  using  both  tem¬ 
perature  and  exhaust  gas  analysis  measurements,  with  fuel-air  ratio  for  both 
sets  of  baseline  tests.  Throughout  this  report  values  of  combustion  efficiency 
determined  using  temperature  measurements  will  be  referred  to  as  EFFMB; 
values  of  combur tion  efficiency  determined  using  gas  analysis  measurements 
will  he  referred  to  as  EFFGA,  For  Combustor  Scheme  1-1A,  values  of  EFFMB 
ran^-d  from  92%  at  a  fuel-air  ratio  of  0.0027  to  97%  at  fuel-air  ratios  above  0,006. 
On  the  other  hand,  EFFGA  was  higher  over  this  range  of  fuel- air  ratios,  from  ap- 
proxh;.\  'y  4  percentage  points  at  the  low-power  end  to  approximately  2  percent¬ 
age  points  rt  the  higher.  This  trend  was  not  nearly  as  pronounced  for  the  tests 
conducted  using  the  1-1B  configuration  even  though  generally  high  levels  of  com¬ 
bustion  efficiency  were  obtained.  In  fact,  the  number  of  tests  in  which  EFFMB 
was  greater  than  EFFGA  were  nearly  the  same  as  those  for  which  the  opposite 
was  observed. 
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The  reasons  for  the  differences  between  EFFMB  and  EFFGA  in  the 
Scheme  1-1 A  series  have  not  been  completely  ascertained.  One  might  be 
tempted  to  accept  EFFMB  as  correct  if  precedence  or  past  experience  were  the 
predominant  influence.  However,  an  error  of  only  2%  in  EFFMB  is  needed  to 
achieve  the  EFFGA  values.  To  encounter  such  an  error  in  temperature  measure¬ 
ments  used  to  determine  EFFMB  is  not  inconceivable.  On  the  other  hand,  an 
error  of  over  100%  in  measured  concentrations  of  UHC  and  CO  would  be  needed 
to  have  EFFGA  match  EFFMB.  It  is  highly  improbable  that  such  concentration 
measurement  errors  could  be  obtained  at  low  values  of  fuel-air  ratio  where  UHC 
and  CO  concentrations  are  relatively  high.  It  would  appear  that  EFFGA  at  low 
fuel-air  ratios  should  be  more  correct  than  EFFMB.  Unfortunately,  others  who 
have  conducted  tests  to  compare  temperature  and  concentration  determined  com¬ 
bustion  efficiencies  have  also  observed  EFFMB  to  be  lower,  and  significantly 
lower  in  some  cases,  than  EFFGA,  see  Reference  30.  Of  the  27  tests  reported 
in  Reference  30,  only  four  showed  EFFGA  lower  than  EFFMB,  ever,  the 
values  of  fuel-air  ratio  for  these  four  tests  were  all  greater  thhn  0V0O8.  Under 
these  circumstances,  it  is  not  inconceivable  that  EFFMB  was  highe.  than  EFFGA 
because  the  measured  temper"1 tures  were  higher  due  to  catalytic  reaction  occurring 
at  the  tips  of  the  thermocouples.  Additional  work  needs  to  be  done  in  this  urea  of 
efficiency  measurement  us  big  thermocouples  before  any  conclusions  can  be  drawn. 

Figure  67  shows  the  variation  in  UHC  concentration  with  fuel-air  ratio  for 
tests  conducted  using  Combustor  Schemes  1-1A  and  1-1B.  In  the  initial  series 
using  2-gph  fuel  nozzles,  UHC  concentrations  less  than  10  ppmv  were  measured 
above  a  fuel-air  ratio  of  approximately  0.007;  this  level  is  not  characteristic  of 
operating  engines.  The  UHC  level  was  not  elevated  that  dramatically,  on  an 
absolute  level,  when  the  4-gph  fuel  nozzles  were  substituted.  On  a  relative  basis, 
however,  the  UHC  concentration  did  increase  ten-fold  at  a  fuel-air  ratio  of  0. 006: 
demonstrating  the  strong  influence  of  fuel  droplet  size  on  completeness  of  com¬ 
bustion  (for  a  system  in  which  the  residence  time  is  fixed). 

In  general,  for  Combustor  Schemes  1-1A  and  1-1B,  as  the  overall  fuel- 
air  ratio  was  reduced  below  its  design-point  value  of  0. 022,  which  corresponded 
to  a  PHIP  of  0. 7,  UHC  emission  concentration  increased.  Although  the  absolute 
levels  were  relatively  low,  the  trends  were  similar  and  significant.  They  indicated 
that  as  the  fuel-air  ratio  was  decreased,  PHIP  was  further  removed  from  its  design- 
point  value,  the  primary  zone  became  leaner,  the  local  combustion  temperature 
decreased,  and  the  concentration  of  UHC  in  the  combustor  exhaust  gas  increased. 
This  increase  in  UHC  concentration  resulted  in  the  decrease  in  combustion  effi¬ 
ciency.  (As  shown  in  equation  28,  the  influence  of  UHC  in  the  exhaust  gas  is  the 
prediminant  variable  influencing  combustion  efficiency,  contributing  four  times 
as  much  to  inefficiency,  for  each  emission  index  unit,  as  CO. ) 

Figure  68  shows  the  variation  in  CO  concentration  with  fuel-air  ratio  for 
tests  conducted  using  Combustor  Schemes  1-1A  and  1-1B,  For  the  tests  of 
Scheme  1-1A,  CO  concentration  initially  decreased,  passed  through  a  minimum 
at  a  fuel-air  ratio  of  approximately  0. 007  and  then  commenced  to  increase.  In 
tests  of  the  1-1B  combustor  arrangement,  CO  concentration  increased  continuously 
with  fuel-air  ratio. 
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Figure  66.  Variation  in  Combustion  Efficiency  with  DF  96048 
Fuel- Air  Ratio  for  Tests  with  Combustor 
Schemes  1-1 A  and  1-1B 


Figure  67.  Variation  In  UHC  Concentration  with  Fuel-  DF  96049 
Air  Ratio  for  Tests  with  Combustor 
Schemes  1-1 A  and  1-1B 
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Figure  68.  Variation  in  CO  Concentration  with  Fuel-  DF  96050 
Air  Ratio  for  Tests  with  Combustor 
Schemes  1-1A  and  1-1B 

The  differences  in  the  shape  of  the  CO  concentration-fuel-air  ratio  curves 
for  the  two  schemes  at  very  low  fuel-air  ratios  can  be  attributed  to  differences 
in  the  effective  local  equivalence  ratios  within  the  primary  zones  of  the  com¬ 
bustors  which  are  caused  by  different  degrees  of  fuel  atomization  produced  by 
the  two  types  of  fuel  nozzles.  At  higher  foel-air  ratios,  the  trends  were  gen¬ 
erally  similar,  and  in  terms  of  combustor  operating  characteristics,  can  be 
attributed  to  the  fact  that  as  the  fuel- air  ratio  was  increased,  combustion  loading 
was  increased  and  the  reaction  front  was  moved  downstream  out  of  the  primary 
zone.  At  the  higher  ftiel-air  ratios,  the  reacting  gases  were  quenched  by  dilu¬ 
tion  air  in  the  secondary  zone.  In  general,  CO  concentration  would  be  expected 
to  deorease  with  increasing  fuel- air  ratio  as  long  as  the  reaction  front  remained 
upstream  of  the  dilution  zone,  as  might  be  the  case  if  the  fUel  droplets  were 
small,  but  would  increase  if  the  reacting  mixture  contacted  the  dilution  air  and 
was  quenched.  If  large  droplets  are  present,  this  quenching  occurs  at  very  low 
fuel-air  ratios  because  these  droplets  require  a  longer  length  to  bum  to  comple¬ 
tion  and,  therefore,  come  into  contact  with  cold  penetration  air  sooner.  This 
proposition  was  supported  by  visual  observations  of  the  combustion  process  during 
the  tests.  At  a  ftiel-air  ratio  of  approximately  0.004,  a  visible,  luminous  flame 
front  was  observed  that  extended  from  the  primary  zone  approximately  half  way  to 
the  dilution  zone.  However,  at  a  fuel- air  ratio  of  approximately  0. 012,  the  flame 
front  extended  the  entire  length  of  the  combustor  to  the  exit  plane.  These  observa¬ 
tions  were  only  qualitative,  but  they  do  provide  a  plausible  explanation  for  the 
trend  observed.  The  overall  levels  of  CO  concentration  obtained  with  baseline 
Schemes  1-1A  and  1-1B,  however,  were  substantially  above,  acceptable  low- 
emission  limits  throughout  the  entire  range  of  fuel-air  ratios  examined. 
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The  variations  in  the  concentrations  of  NO,  NO2,  and  NOx  (NO  1-  NO2)  with 
fuel-air  ratio  for  Schemes  1-1A  and  1-1B  are  shown  in  figures  69  through  71. 

NO  concentrations  generally  increased  with  increasing  fuel- air  ratio  in  the  tests 
of  both  schemes;  however,  the  levels  were  noticeably  lower  for  those  in  which 
4-gph  fuel  nozzles  were  used.  NO2  concentrations,  on  the  other  hand,  were 
nearly  the  same  for  both  schemes  over  most  of  the  range  of  fuel-air  ratios 
examined.  However,  at  the  highest  values  of  fuel- air  ratio,  NO2  concentrations 
measured  during  tests  of  the  1-1B  scheme  were  markedly  lower.  Concentrations 
of  NO  and  N02  in  combination  are  shown  in  figure  71.  NOx  levels  obtained  during 
tests  of  the  1-1A  scheme  were  approximately  twice  those  obtained  during  tests  of 
Combustor  Scheme  1-1B.  These  concentration  levels  were  generally  representa¬ 
tive  of  those  observed  in  exhaust  gas  from  operational  engines  having  combustor 
inlet  air  temperatures  in  the  400°F  range.  (See  Reference  31. ) 

c.  Evaluation  of  Air  Staging 

The  concept  of  air  staging  was  evaluated  by  systematically  varying  the  com¬ 
bustor  airflow  distribution  to  achieve  a  near- constant  value  of  PHIP  over  the 
range  of  FAs  corresponding  to  those  from  idle  to  full-power  operation.  In  con¬ 
ventional  burner  design  practice,  a  fixed  airflow  distribution  is  used  that  provides 
near-stoichiometric  values  of  PHIP  only  at  full-power  conditions.  Therefore,  at 
lower  values  of  FA,  as  discussed  earlier,  PHIP  is  much  lower,  ranging  to  values 
of  0. 3  and  less  at  idle.  With  the  air-staging  concept,  primary-zone  airflow  is 
controlled  and  is  reduced  during  idle  operation  to  achieve  a  value  of  PHIP  near 
the  stoichiometric  value. 


Figure  69.  Variation  in  NO  Concentration  with  Fuel-  DF  96051 
Air  Ratio  for  Tests  with  Combustor 
Schemes  1-1A  and  1-1B 
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Figure  70.  Variation  in  NO2  Concentration  with  Fuel-  DF  96052 
Air  Ratio  for  Testa  with  Combustor 
Schemes  1-1A  and  1-1B 


Figure  71.  Variation  tn  NO*  Concentration  with  Fuel-  DF  96053 
Air  Ratio  for  Test  with  Combustor 
Schemes  1-lA  and  1-1B 
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PSAR  was  designated  as  the  defining  parameter  in  the  air-staging  tests. 

As  discussed  in  the  preceding  section,  this  parameter  defines  the  combustor 
airflow  distribution  required  to  achieve  a  desired  value  of  PHIP  at  a  particular 
value  of  the  overall  FA.  The  interrelationships  between  these  derived  parameters 
were  presented  in  an  earlier  section. 

To  vary  the  combustor  airflow  distribution  in  actual  practice  would,  of 
necessity,  require  some  mechanical  or  aerodynamic  means  for  continuously  ad¬ 
justing  combustor  air-inlet  hole  area  to  provide  the  optimum  airflow  distribution 
in  the  primary  zone  for  a  given  value  of  FA.  In  the  tests  conducted  under  Phase  n 
the  adjustment  feature  was  achieved  not  in  a  continuous  mode  but  by  using  four 
fixed  airflow  distribution  schemes,  each  designed  for  a  different  value  of  FA. 

The  important  design-point  parameters  for  these  four  schemes  are  shown  in 
table  IX.  Summaries  of  the  airflow  distribution  for  the  four  schemes  are  shown 
in  figures  64,  and  72  through  74. 


Table  IX.  Air-Staging  Design-Point  Parameters 


Design- Point 

PHIP  at 

Scheme 

PSAR 

FA 

Design-Point  FA 

1  1 

0.86 

0.022 

0.7 

2-1 A 

0.31 

0.016 

1.0 

3-1A 

0.21 

0.012 

1.0 

4-1 A 

0.13 

0.008 

1.0 

With  reference  to  table  IX,  eaoh  scheme  was  tested  over  a  range  of  FAs 
centered  about  the  design-point  value.  It  was  expected  that  combustion  effi¬ 
ciency  would  be  high  in  the  vicinity  of  the  design  point  for  each  scheme,  with  a 
decline  occurring  at  both  extremes  of  Urn  FA  range  evaluated.  Therefore,  fay 
combining  the  results  from  the  evaluation  of  four  different  airflow  distribution 
schemes  having  four  different  design-point  FAs,  the  good  performsnee  (high  com¬ 
bustion  efficiency  and  low  UHC  and  CO  concentrations)  achievable  with  a  con¬ 
tinuously  variable  air  distribution  system  could  be  estimated. 

To  isolate  the  influence  of  PSAR  as  completely  as  possible,  care  was  taken 
with  the  experimental  hardware  to  retain  the  same  combustor  hole  pattern  and  the 
same  values  of  the  swtrler- to- penetration  airflow  ratio  in  the  primary  zone  of 
each  of  the  four  schemes.  Variations  in  combustor  airflow  distribution  were 
accomplished  fay  changing  individual  air- entry  bole  area*  within  the  fixed  distribu¬ 
tion  pattern.  Thus,  the  parameter  PSAR  could  be  altered  without  introducing  the 
additional  Influences  that  might  have  resulted  had  changes  been  made  in  the  air- 
entry  distribution  pattern. 

Of  the  two  types  of  fuel  nozzle  used  in  the  baseline  tests,  the  4-gph  coarser 
atomizing  injectors  were  selected  for  use  in  ell  of  the  air-staging  tests  because 
they  were  more  representative  of  conventional  practice. 
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Figure  72.  Summary  Sheet  for  Combustor  A 
Scheme  2-1A 
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Figure  72,  Summary  Sheet  for  Combustor  A 
Scheme  2-1A 
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Figure  74.  Summary  Sheet  for  Combustor  A  FO  72102 

Scheme  4-IA 

Teat  result*  obtained  with  the  four  schemes  verified  the  expected  Imp  rove- 
monte  In  combustion  efficiency  at  low-power  as  PSAR  was  decreased.  The  varia¬ 
tion  In  both  EFFMB  and  EFFGA  with  FA  and  PSAR  Is  shown  In  figure  75.  The 
curve  showing  the  data  for  Scheme  1-1.8.  in  which  PSAR  waa  0.86,  is  a  reproduc¬ 
tion  of  the  baseline  results  that  were  shown  in  figure  60  for  tests  conducted  with 
4-gph  noil  let.  This  scheme,  which  had  a  design-point  FA  of  0,022,  exhibited 
combustion  efficiencies  In  excess  of  09*?  In  its  design-point  range  and  above  98% 
to  an  FA  of  0.008.  At  values  of  FA  lower  than  0.  008,  a  decline  In  efficiency  to 
95%  was  observed*  Scheme  4-IA,  to  which  the  PSAR  was  0. 13  and  the  design- 
point  FA  was  0.008,  demonstrated  higher  efficiencies  at  low-power  operation  »i 
anticipated;  efficiency  levels  were  maintained  to  excess  of  98%  to  au  FA  of  0. 0045, 
At  values  of  FA  above  0, 010,  the  level  dropped  below  98%,  indicating  that  toe 
useful  range  of  operation  for  Scheme  4-IA  was  to  the  range  of  FAs  from  0*004$ 
to  0.010.  With  Scheme  3-lA,  to  which  the  PSAR  was  0.21  and  the  design-point 
FA  was  0.0X2,  efficiencies  above  98%  were  maintained  over  a  range  of  FAs  from 
0.007  to  0.014.  Scheme  2-1  A,  with  a  PSAR  of  0.31  and  a  design-point  FA  of 
0.016,  demonstrated  high  efficiencies  over  the  broadest  range  of  FAs;  level* 
near  99%  were  achieved  over  an  FA  range  of  0.006  to  0.014,  and  levels  in  excess 
of  98%  were  attained  up  to  an  FA  oi  0.019.  By  combining  the  beat  portions  of 
each  curve,  combustion  efficiencies  can  be  maintained  above  98%  down  to  an  FA 
of  0, 0045.  Figure  75  shows,  therefore,  that  air  staging  can  be  used  to  extend  the 
same  high  value*  of  combustion  efficiency  obtained  at  foil-power  operation  to  the 
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Figure  75.  Comparison  of  Variations  in  Combustion  OF  96054 
Efficiency  with  Fv^l-Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  1-ID, 

2-lA,  3-lA,  and  4»1A 

The  variation  in  UHC  concentration  with  FA  and  P8AR  for  the  four  combustor 
schemes  evaluated  is  shown  In  figure  76.  Scheme  1-113,  the  baseline,  configura¬ 
tion  exhibited  relatively  low  level#  of  UHC  concentration  only  in  the  vicinity  of  the 
design-point  FA.  Scheme  4-1 A  achieved  the  greatest  reduction  in  UHC  concen¬ 
trations  at  very  low  values  of  FA.  Schemes  2-1A  and  3-1A  exhibited  UHC  con¬ 
centration  levels  below  baseline  values  over  the  FA  range  from  0.008  to  0.019. 

By  combining  the  best  portions  of  each  of  the  preceding  curves,  UHC  concen¬ 
tration  levels  below  45  ppmv  can  be  maintained  over  the  FA  range  from  0. 004 
to  0.  OsO. 

.Scheme  4-1A.  which  had  bees  expected  to  produce  the  lowest  concentration 
of  UHC  during  idle  operation,  exhibited  an  increasing  trend  In  UHC  concentration 
stove  an  FA  of  0.006.  This  curve  crossed  and  exceeded  the  UHC  curve  for 
Scheme  2-1 A  at  aa  FA  of  approximately  0.0092.  This  trend  la  believed  to  have 
been  caused  by  an  over-rich  condition  in  the  primary  xooe,  which  might  be  the 
result  of  an  assumption  used  in  establishing  the  design  point,  vis. ,  that  all  pri¬ 
mary  penetration  airflow  recirculates  in  the  combustor  and  is  tally  utilised  in 
the  reaction  process.  It  would  appear  that  this  assumption  is  not  entirety  correct; 
only  part  of  the  penetration  air  Is  effectively  recirculated  and  that  the  actual,  ex¬ 
perimentally  determined,  design-point  FA  is  closer  to  0.005.  In  this  esse,  the 
original  design-point  FA  of  0.008  corresponds  to  a  PHtP  of  1.6,  which  is  well 
beyond  stoichiometric  and  sufficiently  high  to  cause  a  decline  in  combustion  effi¬ 
ciency  and  an  increase  In  UHC  concentration.  No  explanation  is  readily  apparent 
tar  the  behavior  of  UHC  concentration  with  FA  for  Scheme  3-1  A;  It  had  been  ex¬ 
pected  that  Scheme  3-1 A  would  have  produced  lower  UHC  emission  levels  than 
Scheme  2-lA. 
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Figure  76.  Comparison  of  Variations  in  UHC  Con-  DF  96065 
centra ti on  with  Fuel- Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  l- IB, 

2-1A,  3-lA,  and  4-1A 

The  variation  In  CO  concentration  with  FA  and  PSAR  is  shown  in  figure  77, 
Hie  baseline  configuration  produced  CO  concentration  levels  in  excess  of  400  ppmv 
over  the  FA  range  from  0,004  to  0*  020.  Reductions  in  theae  levels  were  achieved 
in  Schemes  2-1A,  S-IA,  and  4-1A  in  the  lower-power  range.  By  combining  the 
best  portions  of  the  CO  concentration  -  FA  curves  for  each  scheme  a  composite 
curve  can  be  synthesized  that  hat  CO  concentration  levels  increasing  from  a  low 
value  of  approximately  140  ppmv  at  an  FA  of  0. 004  to  a  high  value  of  600  ppmv 
at  an  FA  of  0.0165.  This  composite  cum*  would  be  composed  of  the  Scheme  4-1 A 
results  in  the  FA  range  less  than  0. 006;  of  Scheme  2-iA  results  in  the  FA  range 
between  0.006  and  0.012;  and  of  Scheme  1-lB  results  at  values  of  Fa  above  0.012, 
Again,  as  to  the  case  of  UHC,  no  explanation  is  readily  apparent  for  the  fact  that 
Scheme  3=iA,  with  a  design-point  FA  of  0,012,  produced  higher  concentration 
levels  of  CO  than  Scheme  2-1 A  with  a  design-point  FA  of  0.016  in  the  low  power 
range. 

The  CO  concentrations  obtained  with  all  four  schemes  evaluated  were  high, 
representing  decrements  in  combustion  efficiency  from  0.7  to  1%.  However, 
the  general  capability  of  reducing  CO  emission  levels  at  low-power  conditions  by 
incorporating  the  air  staging  concept  was  demonstrated.  The  inability  to  achieve 
lower  CO  concentration  levela  may  be  due  to  a  limitation  of  the  fuel  delivery  means 
(pressure-atomising  tool  no* tic#)  that  were  employed,  or  to  detailed  considerations 
relating  to  the  admission  of  air  Into  the  four  research  burner  configurations. 


106 


-r  ■  iinfi^aMBiiMgiMryiiT^  -  -  •  . . ..  .  . . .  J 


Figure  77. 


Comparison  of  Variations  In  CO  Con¬ 
centration  with  Fuel- Air  Ratio  for 
Tests  Conducted  with  Combustor 
Schemes  1-1B,  2-1A,  3- 1 A*  and  4-IA 


DF  95056 


The  variations  to  NO,  NOg,  and  NO*  (NO  +  NOo)  concentrations  are  shown 
in  figures  78  through  80,  respectively.  The  trends  shown  conform  generally  to 
those  expected.  Beth  NO  and  NO2  concentrations  increased  with  increasing 
values  of  FA,  and  with  decreasing  values  of  PSAK.  These  results  indicate  simply 
that  higher  concentrations  of  NO  and  NOj  were  formed  as  the  primary  xone  became 
richer  ami  reaction  temperatures  increased,  to  the  case  of  Combustor  Scheme  4-IA, 
however,  there  was  a  decrease  to  concentrations  of  both  NO  and  NOj  with  FA  to  the 
FA  range  from  0. 008  to  0, 010.  to  this  range,  values  of  PHIP  were  above  stoichio¬ 
metric,  and  it  Is  believed  that  the  declines  in  concentration*  correspond  to  de¬ 
creased  reaction  temperatures  commensurate  with  equivalence  ratios  greater 
than  stoichiometric. 

An  exception  to  the  general  trend  of  nitrogen  oxide  concentrations  increasing 
with  FA  is  seen  to  figure  80  where  the  NOx  concentration  for  Scheme  3-1 A  Is  higher 
at  an  FA  of  0.004  than  at  0. 008.  No  explanation  is  readily  apparent  for  this  trend. 

Data  contained  to  figures  78  through  80  for  tiHC,  CO,  and  NOx  concentration*, 
respectively ,  have  been  cross-plotted  to  figures  81  through  83  to  terms  of  varia¬ 
tions  to  pollutant  concentrations  with  PSAft  for  various  values  of  FA.  For  both 
I'HC  and  CO,  the  lowest  concentration  levels  attained  for  a  nominal  idle  FA  of 
0.008  were  achieved  at  a  PSA R  of  0.31  using  Scheme  2- iA,  At  discussed  to  a 
preceding  section  on  UIIC  results,  it  is  believed  that  the  effective  design-point 
FA  was  actually  different  than  the  original  calculated  value,  i.e. ,  0.016  for 
Scheme  2-1  A,  and  was,  to  fact,  approximately  60%  lower.  Coder  these  circum¬ 
stances,  Scheme  2-1 A  would  have  been  operating  at  a  PHIP  of  0. 8  at  an  FA  of  0.008, 
which  is  ideal  for  producing  tow  concentrations  of  UHC  and  CO. 
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Figure  78.  Comparison  of  Variations  in  NO  Con-  DF  96057 
centration  with  Fuel- Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  1-1B, 

2-1A,  3-1A,  and  4-1 A 
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Figure  79.  Comparison  of  Variations  in  NC>2  Con-  DF  96058 
centration  with  Fuel- Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  1-13, 

2-1A,  3-1A,  and  4-1 A 
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Figure  80.  Comparison  of  Variations  in  NOx  Con¬ 
centration  with  Fuel- Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  1-1B, 
2-1A,  3-1  A,  and  4-lA 
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Figure  81.  Variation  in  UHC  Concentration  with 

PSAR  and  FA  for  Tests  with  Combustor 
Schemes  1-1B,  2-1A,  3-1A,  and  4-1 A 
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Figure  82.  Variation  in  CO  Concentration  with 

PSAR  and  FA  for  Tests  with  Combustor 
Schemes  1-1B,  2-lA,  3-1A,  and  4-1A 
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Figure  83.  Variation  in  NOx  Concentration  with 

PSAR  and  FA  for  Tests  with  Combustor 
Schemes  1-l.B,  2-1A,  3-1A,  and  4-1A 
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The  variation  in  NOx  concentration  with  PSAR  is  shown  in  figure  83.  Except 
for  the  hump  in  the  curve  at  an  FA  of  0. 004  for  a  PSAR  of  0. 21,  a  reasonably  con¬ 
sistent  family  of  curves  was  obtained.  Figure  83  shows  clearly  that  NOx  concentra¬ 
tion  increases  both  with  decreasing  PSAR  and  increasing  FA;  the  direction  of  both 
trends  leads  to  increases  in  reaction  temperature. 

d.  Evaluation  of  Axial  Fuel  Staging 

The  concept  of  axial  fuel  staging  has  been  generally  described  in  preceding 
paragraphs.  In  brief,  with  axial  fuel  staging,  both  primary  and  secondary  fuel 
injection  zones  arc  used.  The  primary  fuel  injection  zone,  located  in  the  forward 
part  of  the  combustor  served  to  provide  a  flowrate  of  fuel  into  the  combustor 
commensurate  with  low-power  engine  operation.  PHIP  was  maintained  at  a  limit¬ 
ing  value  for  idle-operation  by  incorporating  a  fixed,  low-power,  combustor  air¬ 
flow  distribution  schedule  and  limiting  the  primary  injection  zone  fuel  flowrate. 

The  secondary  fuel  injection  zone,  located  further  downstream  near  the  axial 
midpoint  of  the  burner,  was  used  to  provide  flowrates  of  fuel  into  the  combustor 
to  achieve  values  of  FA  greater  than  those  corresponding  to  idle  conditions.  Fuel 
from  the  secondary  zone  was  used  to  augment  that  from  the  primary  zone  to 
achieve  values  of  FA  up  to  those  corresponding  to  full-power  operation.  The  ex¬ 
perimental  hardware  used  in  the  evaluation  tests  has  been  described  earlier. 

(See  paragraph  B.  3,  Experimental  Combustors. )  Specifically,  however,  the 
hardware  was  arranged  to  accommodate  two  different  fixed  airflow  distributions 
and  two  types  of  secondary  fuel  nozzles. 

The  two  airflow  distributions  represented  values  of  PSAR  of  0.13  ana  0.31, 
corresponding  to  Combustor  Schemes  4-1A  and  2-1A,  respectively.  (These 
schemes  were  described  earlier.) 

The  two  types  of  fuel  nozzles  used  in  the  secondary  injection  zone  were  air- 
blast  and  pressure-atomizing.  Air-blast  fuel  nozzles  were  used  initially  because 
of  their  demonstrated  capability  in  previous  experimental  programs  to  provide 
extremely  good  fuel  atomization  at  low  flowrates.  Unfortunately,  it  was  not  dis¬ 
covered  until  later  in  this  test  program  that  these  air-blast  fuel  injectors  pro¬ 
vided  very  poor  atomization  under  the  conditions  of  fuel  flow  and  burner  pressure 
drop  at  which  they  were  being  operated.  Atomization  characteristics  for  the  air- 
blast  nozzles  are  shown  in  figure  84.  The  good  physical  characteristics  that  had 
been  observed  v'ith  these  nozzles  in  prev  ious  programs  were  largely  caused  by 
the  available  air  pressure  being  much  higher  than  it  was  in  the  fuel-staging  test 
series.  This  information  was  not  obtained,  however,  until  after  the  series  had 
been  completed.  Accordingly,  then,  an  additional  test  series  was  conducted  using 
pressure-atomizing  fuel  nozzles  in  the  secondary  injection  zone.  These  pressure 
atomizing  nozzles  were  the  same  as  those  used  in  the  1-1A  test  series,  viz. , 
those  having  design-point  flowrates  of  2  gph  JP-5  at  a  differential  pressure  of 
125  psi;  their  flow  characteristics  were  shown  earlier  in  figure  65. 

The  potential  for  the  axial  fuel-staging  concept  to  serve  as  hypothesized 
with  the  specific  combustor  configurations  was  somewhat  questionable  from  the 
onset  of  the  experimental  program.  Analytical  predictions  made  using  the  pre¬ 
liminary  combustor  model,  indicated  that  secondary-zone  performance  would  be 
poor;  concentrations  of  UHC  and  CO  in  the  combustor  exhaust  gas  would  be  high. 

This  conclusion  was  predicated  on  the  fuel  and  air  arrangement  in  the  vicinity  of 
the  secondary  injection  zone.  Physical  limitations  of  the  research  combustor 
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configuration  were  such  that  only  a  very  short  mixing  and  burning  length,  approxi¬ 
mately  2  in. ,  was  available  from  the  axial  location  at  which  secondary  fuel 
entered  the  burner  to  the  location  at  which  air  entered  through  dilution  jets. 
Despite  the  anticipated  poor  performance  predicted  by  the  preliminary  analytical 
model,  the  axial  fuel-staging  tests  were  conducted  as  planned  not  only  to  evaluate 
axial  fuel- staging  as  a  design  concept,  but  also  to  provide  experimental  data  to 
verify  or  negate  the  model  predictions.  The  use  of  data  from  closely  controlled 
experiments  is  invaluable  in  guiding,  qualifying,  and  refining  analytical  predic¬ 
tion  methods.  In  the  case  of  the  fuel- staging  concept,  analytical  predictions 
were  verified  by  experiments. 


Figure  84.  Variation  in  Sauter  Mean  Diameter  with  FD  72103 
Air  Differential  Pressure  and  Fuel  Flow 

The  variation  in  UHC  concentration  with  FA  and  PHIP,  for  the  initial  series 
of  fuel-staging  tests  is  shown  in  figure  85.  Additional  curves,  superimposed  on 
this  figure  for  comparison  include  the  variation  in  UHC  concentration  with  FA 
from  tests  of  Combustor  Scheme  4-1 A  without  secondary  fuel  injeotion,  and  from 
tests  of  baseline  Scheme  1-1B.  The  UHC  concentration  levels  obtained  using  sec¬ 
ondary  fuel  injection  were  two  orders  of  magnitude  higher  than  those  obtained 
using  the  baseline  1-1B  configuration  or  the  4-1A  nonstaged  arrangement*  UHC 
concentration  Increased  with  increasing  values  of  FA  and  with  decreasing  values 
of  PHIP.  (For  a  given  value  of  FA,  PHIP  was  decreased  by  transferring  ftiel 
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from  the  primary  zone  to  the  secondary  zone  fuel  injectors. )  The  general  con¬ 
clusion  from  these  tests  regarding  UHC  emission  levels  obtained  during  fuel¬ 
staging  tests  is  that  very  high  concentrations  of  UHC  were  observed  whenever 
fuel  was  supplied  through  the  secondary  injectors,  and  that  the  concentrations 
increased  in  proportion  to  the  amount  of  secondary  fuel  added. 

Figure  86  shows  the  variation  in  CO  concentration  with  FA  and  PHIP  for  the 
initial  series  of  fuel-staging  tests.  Superimposed  on  this  figure  are  results  from 
baseline  test  series  1-1B  and  from  tests  of  Combustor  Scheme  4-1 A  without  sec¬ 
ondary  fuel  injection.  As  in  the  case  of  UHC  emissions,  CO  concentration  levels 
increased  only  one  order  of  magnitude.  It  would  appear  that  UHC  was  being 
quenched  at  a  more  rapid  rate  than  the  rate  at  which  fuel  was  being  converted  to 
CO. 


Figure  85.  Comparison  of  Variations  in  UHC  Con-  DF  96063 
centratlon  with  FA  and  PHIP  for  Tests 
Conducted  with  Combustor  Schemes  4-1A 
and  l- IB 


The  variation  in  NOx  concentration  with  FA  and  PHIP  is  shown  in  figure  87, 
with  reference  curves  for  data  obtained  from  tests  of  Schemes  1-1 B  and  4-1A 
(without  secondary  fuel  injection).  The  NOx  concentration  levels  observed  when 
secondary  fuel  injection  was  incorporated  were  higher  than  those  obtained  from 
either  the  baseline  tests  or  teats  of  Scheme  4-1A  without  secondary  fuel  injection. 
NOx  concentration  levels  generally  increased  with  both  FA  and  PHIP.  At  values 
of  FA  less  than  0. 0166,  NOx  concentrations  increased  directly  with  increasing 
values  of  PHIP;  however,  at  values  of  FA  greater  than  0.0166,  NOx  concentra¬ 
tion  levels  increased  more  rapidly  with  decreasing  values  of  PHIP.  It  is  sus¬ 
pected  that  at  an  FA  near  0. 0166,  a  transition  occurs  in  the  mechanism(s)  re¬ 
sponsible  for  the  formation  of  nitrogen  oxides.  For  values  of  PHIP  in  the  range 
from  0.5  to  1.25  up  to  an  FA  of  0.0166,  NOx  was  most  likely  formed  primarily  by 
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a  thermally  induced  mechanism,  i.e. ,  as  FA  was  increased,  the  reaction  tem¬ 
perature  was  also  increased,  the  rate  of  reaction  for  NOx  formation  was  greater, 
and  more  NOx  was  formed.  However,  at  values  of  FA  greater  than  0. 0166  for  a 
PHIP  of  0. 5,  the  thermal  mechanism  appears  to  be  supplanted  nr  hyperactivated 
by  another  mechanism  and  NO.  concentration  levels  increased  significantly.  With 
due  reservation,  because  of  a  lack  of  detailed  substantiation,  it  is  conjectured  that 
the  other  mechanism  responsible  for  increasing  NO.  concentrations  is  catalytic  in 
nature.  When  high  NOx  concentrations  have  been  observed  in  this  experimental 
program,  primarily  in  the  fuel-staging  and  atomization  evaluatiou  tests,  high  con¬ 
centrations  of  UHC  have  also  been  observed.  It  is  not  inconceivable  that  homo¬ 
geneous  catalytic  reactions  involving  partially  oxygenate  d  hydrocarbon  species 
could  be  responsible  for  the  high  NC^  levels.  Additional  work  shouM  be  under¬ 
taken  in  this  area  to  better  understand  mechanisms  contributing  to  the  formation 
of  oxides  of  nitrogen  in  gas  turbine  engine  combustion  chambers. 


Figure  86.  Comparison  of  V  aria  dons  in  CO  Con-  DF  96064 
centra tion  with  FA  rcid  PHIP  tor  Tests 
Conducted  with  Combustor  S'  hemes  4-1A 
r.id  1-1B 


The  variation  in  combustion  efficiency,  both  EFFMB  and  EFFGA,  with  FA 
is  shown  in  figure  28.  Inasmuch  as  on'y  two  full-traverse  tests  were  conducted, 
only  two  data  points  are  shown  for  EFFMB.  Full  temperature  traverses  were 
necessary  to  cal  .ulate  meaningful  values  of  EFFMB.  The  decision  to  eliminate 
most  of  the  full-traverse  t>  sts  that  had  been  originally  planned  for  evaluating  axial 
tael-staging,  in  deference  to  partial  traverse  tests,  was  predicated  on  the  high 
levels  of  objectionable  emissions  observed  while  testing.  Values  of  EFFGA  shown 
in  figure  88  were  calculated  from  partial-traverse  concentration  data.  Concentration- 
based  values  of  combustion  efficiency  calculated  from  small  population  samples 
have  inherently  greater  accuracy  than  thermocouple-based  calculations.  Consequently, 
values  of  EFFGA  for  both  full  and  partial-traverse  tests  are  presented  in  figure  88. 
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In  general,  it  can  be  seen  that  efficiency  increases  with  FA  despite  the  fact  that 
both  UHC  and  CO  concentrations  also  increase.  This  behavior  indicates  that  even 
though  the  absolute  concentrations  of  UHC  and  CO  increased  with  FA,  the  fuel-flow 
normalized  concentrations,  i.e. ,  emission  indexes,  decreased.  As  shown  in 
equation  28,  combustion  efficiency  increases  as  UHC  and  CO  emission  indexes 
decrease. 
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Figure  87.  Comparison  of  Variations  in  NO*  Con-  DF  96065 
centration  with  FA  and  PH1P  for  Tests 
Conducted  with  Combustor  Schemes  4-1 A 
and  l-l B 

The  reason  for  the  discrepancy  between  EFFMB  and  EFFGA  is  believed  to 
be  due  to  catalytic  reactions  of  combustor  exhaust  products  such  ae  UHC  and  air 
on  the  platinum/platinum- 10%  rhodium  thermocouples  and  thermocouple  sheaths 
in  tho  exit  traverse  probe.  If  this  does,  in  fact,  occur  in  the  immediate  vicinity 
of  thermocouples,  erroneously  high  exit  traverse  temperatures  would  be  recorded, 
resulting  in  higher  values  of  combustion  efficiency  than  those  calculated  from 
exhaust  emission  concentrations. 

A  second  series  of  axial  (bet  staging  tests  was  cooducled  to  ascertain 
whether  the  poor  results  obtained  with  the  axial  fuel-staging  concept  were  due 
to  the  air  distribution  scheme  (4-IA1  and  secondary  fuel  nozzles  (air-blast)  used 
or  to  the  concept  Itself.  A  leaner  front  end  alr-distrlbutlon  scheme  was  selected 
to  decrease  the  quantity  of  quenching  air  aft.  The  fuel  nozzles  selected  for  use  in 
the  secondary  injection  zone  were  the  2-gph  pressure-atomizing  type  that  had 
performed  so  well  in  the  l-l  A  baseline  teat  series.  This  nozzle-combustor 
configuration  was  referred  to  as  Scheme  2-  IB. 
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Figure  88.  Comparison  of  Variations  in  Combustion  DF  96066 
Efficiency  with  FA  and  PHIP  for  Tests 
Conducted  with  Combustor  Schemes  4-1 A 
and  1-1B 

Experimental  evaluation  of  Scheme  2-lB  demonstrated  that  the  trends  in 
UHC  and  CO  concentrations  with  FA  and  PHIP  were  similar  to  those  observed  in 
the  first  series;  the  concentration  levels,  however,  were  somewhat  less  in  the 
second  series.  These  results  are  shown  in  figures  89,  and  90  for  UHC  and  CO, 
respectively,  with  results  obtained  from  the  Scheme  4- LA  series  shown  superimposed 
for  reference.  The  slightly  lower  UHC  and  CO  concentration  levels  are  attributed 
to  both  the  air  distribution  and  fuel  injection  modifications  incorporated  In 
Scheme  2- IB. 

Strangely  enough,  as  shown  in  figure  91,  significantly  lower  concentrations 
of  NQx  were  obtained  in  the  tests  of  Scheme  2-lB  than  were  obtained  in  the  first 
axial  fuel-staging  series  using  Scheme  4- 1A.  The  reason  for  this  trend  is  still 
unclear.  Conditions  throughout  the  combustors  in  the  4-1 A  and  2- IB  series 
should  have  been  quite  similar. 

The  variation  in  combustion  efficiency  with  FA  and  Pi  UP  is  shown  in 
figure  92.  As  with  Scheme  4- 1A,  combustion  efficiency  increased  as  PMtP  was 
increased;  the  efficiency  levels  for  Scheme  2-lB,  however,  were  higher  than 
those  for  Scheme  4- LA.  This  trend  follows  because  UHC  and  CO  concentrations 
in  the  exhaust  gas  from  the  Scheme  2- IB  combustor  were  less  than  they  were 
from  the  4- LA.  The  discrepancies  between  concentration-determined  and  tem¬ 
perature-determined  combustion  efficiencies  were  also  observed  in  the  tests  of 
Scheme  2-LB  for  the  same  reasons  described  earlier. 
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Figure  89.  Comparison  of  Variation*  in  UHC  Coc- 
oentration  with  FA  and  PH  IP  for  Tests 
Conducted  with  Combustor  Schemes  4- 1 A 
and  2-lB 


Figure  90.  Comparison  of  Variations  in  CO  Con¬ 
centration  with  FA  and  PUIP  for  Teals 
Conducted  with  Combustor  Schemes  4-1 A 
and  2-lB 
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Figure  91.  Comparison  of  Variations  in  NO*  Con¬ 
centration  with  FA  anti  PHIP  for  Tests 
Conducted  with  Combustor  Schemes  %--i  a 
and  2-tU 
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Figure  92.  Comparison  of  Variation*  to  Combustion 
Efficiency  with  FA  and  PHIP  for  Test* 
Conducted  with  Combustor  Schemes  4- 1 A 
and  2- IB 
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In  the  fuel-staging  tests  conducted  using  combustor  Schemes  4-1A  and  2- IB, 
very  high  concentrations  of  objectionable  emissions  were  produced.  The  emission 
levels  were  generally  proportional  to  the  amount  of  secondary  fuel  injected  into 
the  burner,  at  a  given  value  of  PHIP.  The  results  described  might  be  du,j  simply 
to  the  method  cf  secondary  fuel  injection  and  to  the  physical  constraints  of  the 
research  burner  used.  If  so,  the  axial  fuel-staging  concept  might  not  have  received 
a  completely  fair  appraisal.  However,  the  extended  combustion  zone  that  results 
when  two  fuel  injection  zones  are  widely  separated  can  promote  the  formation  of 
NOjt  by  increasing  the  residence  time  of  combustion  gases  at  elevated  temperatures. 
Also,  the  low  equivalence  ratios  that  were  eliminated  in  the  primary  zone  (hiring 
low-power  operation  by  providing  a  fixed  low-power  airflow  distribution  tend  to 
reappear  in  the  secondary  zone,  downstream,  under  conditions  in  which  secondary 
fuel  flowrates  are  low.  This  is  the  result  of  the  large  quantify  of  secondary  com¬ 
bustion  air  required  for  operation  at  values  of  FA  corresponding  to  full-powv-r 
that,  at  intermediate  values  of  FA,  cause  low-secondary-zone  equivalence  ratios 
and  contribute  to  the  high  concentrations  of  UHC  and  CO  observed. 

e.  Evaluation  of  Reference  Velocity  and  Ancillary  Effects 

A  limited  number  of  full  and  partial  traverse  teats  were  conducted  in  an 
attempt  to  examine  the  influence  of  combustor  reference  velocity  on  1VC,  CO, 
and  NOx  emission  levels.  These  tests  were  accomplished  to  support  develop¬ 
ment  of  the  streamtube  combustor  model.  Unfortunately,  with  the  experimental 
arrangement  used,  it  was  not  possible  *o  readily  vary  reference  velocity  at  fixed 
values  of  FA  without  also  varying  the  air  and  fuel  flowrates.  For  example,  to 
set  a  higher  reference  velocity  at  a  fix. -4  value  of  FA,  it  was  necessary  to  increase 
both  air  and  fuel  flowrates.  As  a  result,  the  liner  and  fuel  nozzle  pressure  drops 
were  increased. 

The  increase  in  fuel  vaporization  and  ren  tant  mixing  rates  within  the  com¬ 
bustor,  afforded  by  higher  ftiel  nozzle  and  liner  pressure  drop®,  respectively, 
appeared  to  be  a  significant  facte-  in  towering  UHC  emission  concentration*. 

This  is  readily  apparent  from  the  data  shown  in  table  X  and  figure  ill.  If  refereni  . 
velocity,  which  Is  essentially  a  measure  of  residence  time,  were  the  primary  in¬ 
fluence,  them,  as  reference  velocity  was  increased,  flu*  UHC  concentration  would 
also  be  expected  to  increase  because  of  the  reduced  residence  time  for  the  react  m?* 
within  the  combustor.  However,  as  shown  in  figure  95,  the  UHC  concentration 
creased  instead,  indicating  that  the  effects  of  increased  fuel  atomization  ami  re¬ 
actant  mixing  strongly  counteracted  ami  overwhelmed  the  effect  of  reduced 
time.  '  :  ' 

On  the  other  hand,  for  CO  oxidation,  as  shown  by  the  lower  curve  in  figure  $4, 
it  would  appear  that  as  reference  velocity  waa  increased,  the  reaction  front  was  dis¬ 
placed  toward  the  aft  end  of  the  burner  {combustor  loading  was  increased)  and  was 
brought  into  contact  with  jets  of  primary  and  secondary  air.  These  jets  of  40C»'F 
air  reduced  local  temperatures  below  the  quenching  level  for  CO  oxidation,  {fee 
Section  111.1.2,  JT80  Burner  Probing  Studies.)  Wth  reference  to  figure  »>4,  as 
reference  velocity  was  increased  from  approximately  75  to  100  lip*,  the  influence 
of  II.  ST  air  jets  on  local  quenching  was  significant.  However*  as  the  reference 
velocity  was  increased  from  approximately  100  to  l&Q  fps,  the  reaction  front  was 
simply  displaced  aft  without  being  acted  upon  by  any  intermediate  zone  air  jets  (fig¬ 
ure  64).  However,  when  the  reference  velocity  was  Increased  to  approximately 
170  fps,  the  reaction  front  contacted  the  17. oT  dilution  air  jets,  sad  local  quenching 
of  the  CO  oxidation  reaction  was  again  observed,  as  shown  by  the  measured  Increase 
in  CO  concentration  in  the  exhaust  gas  (figure  94). 
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Table  X.  Summary  of  Selected  Data  for  Testa  Conducted  Using 
Combustor  Schemes  1-1A,  1-1B,  and  4-1 A 


Test  No. 

Fuel- Air 
Ratio 

Total 

Fuel  Flow, 
PPh 

Fuel  Notale 
Pressure 
Drop,  paid 

Reference 

Velocity, 

fps 

Air  inlet 
Tempera¬ 
ture,  *F 

Burner 
Pressure 
Drop,  % 

1-1A-I0 

0.0040 

87.50 

22 

102 

403 

1.73 

1-lA-li 

0.0039 

87.50 

22 

102 

400 

1.78 

1-1A-12 

0.0027 

60.80 

9 

102 

395 

1.70 

1-1A-13 

0.0067 

148.00 

63 

102 

390 

1.72 

1-1A-14 

0.0080 

173.00 

86 

101 

400 

1.74 

1-1A-15 

0.0060 

130. 10 

49 

102 

407 

1-74 

1-1A-16 

0.0039 

85.40 

21 

102 

405 

1.73 

J-1A-17 

0.0123 

265.00 

205 

102 

400 

1.78 

1-1A-18 

0.0165 

356.10 

375 

101 

400 

1.83 

1-1A-19 

0.0186 

405.60 

481 

101 

407 

1.84 

1-IA-20 

0.0081 

177.40 

90 

102 

400 

1.78 

1-1  B-l 

0.0082 

179.08 

24 

104 

400 

1.79 

1-1B-2 

0.0038 

84.65 

6 

107 

490 

1.82 

1-1B-3 

0.0122 

267.37 

53 

105 

395 

1.83 

!"1  B— 4 

0.0041 

134.96 

14 

148 

395 

3.43 

1-1B-5 

0,0083 

365.61 

53 

146 

395 

3.40 

1-1&-6 

0.0125 

402.83 

120 

146 

395 

3.50 

HW 

0.0189 

403.33 

120 

101 

400 

1,82 

0.0200 

433.70 

138 

103 

400 

1.88 

1-1 B-9 

0.0122 

267.63 

54 

105 

401 

1.80 

l-lB-10 

0.0185 

401.37 

120 

103 

400 

1.89 

1-18-11 

0.0084 

324.14 

78 

171 

405 

4.51 

1-1B-12 

0.0082 

159.92 

19 

79 

230 

1.26 

1-18-13 

0.0083 

131.22 

13 

77 

395 

1.01 

1-1B-14 

0.0084 

211.75 

34 

99 

246 

1,92 

1-18-18 

0.0082 

282.47 

59 

131 

245 

3.34 

1-18-16 

0.0061 

177.52 

24 

104 

400 

1.74 

1-1,8-17 

0.0061 

.132,1? 

li 

104 

410 

1.72 

1-18-18 

0.0102 

221.93 

3? 

104 

400 

1.74 

1-lB-lt 

0.0082 

177,40 

24 

104 

400 

1.77 

1-18-20 

9.0062 

133.57 

14 

104 

400 

1.78 

4-iA-l 

0.006? 

133.86 

14 

103 

399 

1.60 

4-IA-* 

0.0084 

179.53 

24 

194 

400 

1.62 

4-1 A- 3 

0.0039 

85.94 

6 

106 

394 

1.63 

4-1A-4 

0.0102 

221.91 

37 

104 

396 

1.65 

4-1A— 5' 

0*0960 

175.34 

23 

105 

406 

1.63 

4-1A-6 

0.0039 

85.36 

6 

106 

405 

1.63 

4— lA-7 

0.0102 

221.48 

37 

195 

405 

1.68 

4-1A-8 

0.0061 

134.33 

17 

106 

400 

1.65 

& 
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Flgui-e  S3.  Variation  in  UHC  Concentration  with  DF  96071 

Reference  Velocity  and  Inlet  Temperature 
for  Testa  Conducted  with  Combustor 
Scheme  1-lB 


*  i.. . 

c-  i 


* 


Figure  94. 
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Variation  in  CO  Coo  cent  ration  with  Ref¬ 
erence  Velocity  and  Inlet  Temperature 
for  Teats  Conducted  with  Combustor 
Scheme  1- 1 B 


DF  96072 


The  variation  in  NOx  concentration  with  reference  velocity  and  FA  is  shown 
in  figure  95.  It  appears  from  this  curve  that  residence  time  had  a  significant  in¬ 
fluence  on  the  NOx  concentration  levels  observed.  As  reference  velocity  was  in¬ 
creased  (residence  time  was  decreased),  the  NOx  levels  decreased.  This  is 
understandable  inasmuch  as  NOx  is  formed  by  the  prolonged  residence  of  reactants 
at  elevated  temperatures. 
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Figure  95.  Variation  in  NOx  Concentration  with  Ref-  DF  96073 
erence  Velocity  and  Inlet  Temperature 
for  Tests  Conducted  with  Combustor 
Scheme  1-1B 


f.  Evaluation  of  Inlet  Air  Temperature  Effects 

A  limited  number  of  full-  and  partial-traverse  tests  were  conducted  to 
examine  the  hTluence  of  inlet  air  temperature  on  UHC,  CO,  and  NOx  emission 
levels* 

Figure  93  and  table  X  show  the  variation  in  UHC  concentration  with  reference 
velocity  and  fuel  nozzle  pressure  drop  at  an  FA  of  0. 008  and  inlet  air  temperatures 
of  250  and  400° F  for  the  1-1B  combustor.  Reference  velocity  was  used  as  the 
principal  independent  variable  because  the  majority  of  tests  involved  were  con¬ 
ducted  at  a  fixed  value  of  FA  and  only  inlet  air  temperature  and  these  quantities 
affecting  reference  velocity  were  varied. 

As  discussed  in  paragraph  B.  9.  e,  combustor  pressure  drop  and  fuel  nozzle 
pressure  drop  appear  to  be  much  more  influential  in  reducing  UHC  emission  levels 
than  reference  velocity.  However,  it  is  readily  apparent  that  regardless  of  whether 
reference  velocity,  burner  pressure  drop,  or  fuel  nozzle  pressure  drop  is  used  as 
the  independent  variable,  the  influence  of  inlet  air  temperature  is  significant.  For 
example,  at  a  reference  velocity  of  100  fps,  the  UHC  concentration  was  increased 
by  a  factor  in  excess  of  6  when  the  inlet  air  temperature  whs  reduced  from  400SF 
to  250° F;  at  a  reference  velocity  of  75  fps,  the  factor  was  approximately  5;  and  at 
a  reference  velocity  of  130  fps,  the  factor  was  approximately  7. 
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These  increases  are  the  direct  result  cf  decreasing  the  inlet  air  temperature 
and  are  not  the  result  of  burner  pressure  drop  or  fuel  nozzle  pressure  drop  varia¬ 
tions.  In  fact,  in  the  tests  conducted  at  250'T,  both  of  these  variables  were  larger 
than  their  400° F  counterparts  at  comparable  values  of  reference  velocity. 


The  effect  of  inlet  air  temperature  on  CO  concentration  is  shown  in  fig¬ 
ure  94.  Although  only  two  data  points  were  obtained  at  250° F,  these  are  adequate 
to  establish  that  CO  levels  were  significantly  higher  at  reduced  inlet  temperatures. 
This  trend  is  attributed  to  more  effective  quenching  of  the  CO  to  CO2  reaction 
caused  by  colder  penetration  air. 

The  effect  of  inlet  air  temperature  on  NO*  concentration  is  shown  in  fig¬ 
ure  95.  Concentration  levels  at  259 *  and  400°  F  were  nearly  the  same  at  reference 
velocities  greater  than  100  fps.  However,  at  lower  reference  velocities  the  NOx 
concentration  levels  varied  inversely  with  temperature.  At  given  values  of  ref¬ 
erence  velocity  and  FA,  the  NOx  levels  observed  at  an  inlet  temperature  of  400“ F 
were  higher  than  they  were  at  250°  F.  This  reflects  the  general  temperature  trend 
observed  in  other  tests  that  NOx  formation  is  enhanced  as  reaction  temper  ature  is 
Increased. 

Evaluation  of  Air-Blast  Fuel  Nozzle  Effects 

A  single  series  of  tests  was  conducted  in  which  the  air-blast  fuel  nozzles 
that  had  been  used  in  the  secondary  injection  zone  of  Combustor  Scheme  4-1 A 
during  the  first  series  of  fuel-staging  tests  were  used  in  the  primary  zone  of  one 
of  the  research  burner  configurations.  The  objective  of  the  series  was  to  deter¬ 
mine  if  the  poor  emission  levels  obtained  during  the  fuel-staging  tests  were 
largely  the  result  of  the  air-blast  fuel  nozzles  that  had  been  used. 


To  accomplish  these  tests,  Combustor  Scheme  2-3A  was  used.  This  com¬ 
bustor  had  the  same  general  features  as  Scheme  2-1A;  i.e. ,  a  primary-zone 
equivalence  ratio  of  1, 0  at  an  FA  of  0. 016,  resulting  from  a  PSAR  of  0. 31.  How¬ 
ever,  for  Scheme  2-3A  the  OD  liner,  which  had  been  modified  to  accommodate 
staged  fuel  injectors,  was  returned  to  its  former,  nonstaged  condition.  Directly 
opposed,  intermediate-zone  air  penetration  holes  were  added  to  both  the  OD  and 
ID  liners,  replacing  the  OD-only  penetration  holes  that  had  been  used  in  Scheme  2-1 A 
in  conjunction  with  secondary  fuel  injectors.  The  total  hole  area  and  distribution 
were  kept  the  same  as  they  had  been  in  the  basic  2-1 A  arrangement  to  maintain  the 
same  liner  total  pressure  loss. 

The  variation  in  UHC  concentration  with  FA  is  shown  in  figure  96.  Included 
in  this  figure,  for  reference,  are  data  obtained  from  tests  of  baseline  Combustor 
Scheme  2-1A  in  which  4-gph,  pressure-atomizing  fuel  nozzles  were  used.  UHC 
concentration  levels  obtained  using  air-blast  fuel  nozzles  were  two  orders  of 
magnitude  greater  than  those  obtained  using  the  pressure-atomizing  fuel  nozzles. 

In  addition,  UHC  concentrations  for  Combustor  Scheme  2-3A  increased  with  in¬ 
creasing  values  of  FA,  instead  of  decreasing  as  observed  for  Scheme  2-1A. 

These  results  indicate  that  the  air-blast  fuel  nozzles  were  directly  responsible 
for  the  trends  shown  and  that  their  spray  quality  rapidly  deteriorated  as  fuel  flow 
was  increased.  These  results  were  verified  when  the  air-blast  fuel  nozzle  char¬ 
acteristics,  shown  in  figure  84,  were  obtained.  Under  the  conditions  of  fuel  flow 
and  air  pressure  drop  used  in  the  experimental  program,  values  of  fuel  droplet 
SMD  were  very  high.  Consequently,  the  fuel  was  not  being  properly  prepared  to 
readily  vaporize  and  react  with  air  to  form  CO. 
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Figure  96.  Comparison  of  Variations  in  UHC  Con-  DF  96074 
centration  with  Fuel- Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  2-3A 
and  2-1 A 

The  variation  in  CO  concentration  with  FA  is  shown  in  figure  97  for  tests 
conducted  using  Combustor  Schemes  2-3A  and  2-lA0  for  reference.  Both  the 
shape  of  the  ou-ve  and  the  CO  concentration  levels  from  the  Scheme  2-3A  tests 
were  different  than  those  obtained  from  the  2-1A  tests.  The  peculiar  reversal 
was  double- checked  on  the  test  stand  to  be  certain  that  an  instrumentation  problem 
had  not  developed.  CO  concentrations  were  measured  for  tests  commencing  at  low 
values  of  FA  and  progressing  to  the  higher,  and  for  tests  commencing  at  high  values 
and  progressing  to  the  lower;  the  double  reversal  in  CO  concentration  with  FA  was 
well  defined.  It  is  suggested  that  this  trend  is  simply  peculiar  to  the  air-blast 
fuel  nozzles  used. 

The  variation  in  combustion  efficiency  with  FA  is  presented  in  figure  98  for 
Combustor  Schemes  2-3 A  and  2-1A.  The  generally  low  levels  obtained  for  Scheme 
2-3A  are  due  to  the  high  concentrations  of  UHC  and  CO  that  were  observed  in  the  ex¬ 
haust  gas.  Although  EFFMB  and  EFFGA  showed  the  same  general  trends  over  the 
FA  range  investigated,  their  absolute  values  differed  significantly.  This  situation 
is  very  similar  to  that  obtained  in  fuel- staging  tests  of  Combustor  Scheme  4-1  A. 

The  hypothesis  suggested  earlier  to  explain  the  Scheme  4-1A  results  is  also 
suggested  to  explain  the  Scheme  2-3A  results.  The  platinum/platinum-10%  rhodium 
thermocouples  and  sheaths  served  as  catalytic  surfaces  on  which  UHC  could  react 
to  completion;  thereby  causing  the  thermocouple  to  indicate  a  higher  value  of  emf 
than  it  would  have  had  no  catalytic  reaction  been  involved. 
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Figure  97.  Comparison  of  Variations  in  CO  Con-  DF  96075 
centration  with  Fuel- Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  2-3A 
and  2-1 A 
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Figure  98.  Comparison  of  Variations  in  Combustion  DF  96076 
Efficiency  with  Fuel-Air  Ratio  for  Teste 
Conducted  with  Combustor  Schemes  2-3A 
and  2-1 A 
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The  variation  in  NOx  concentration  with  FA  is  shown  in  figure  99  for  Com¬ 
bustor  Schemes  2-3A  and  2-1  A.  Below  an  FA  of  0.0087,  the  NOjj  concentration 
levels  for  the  pressure-atomizing  fuel  nozzles  were  higher  than  those  obtained 
with  the  air-blast.  This  trend  reflects  the  fact  that  higher  mean  reaction  tem¬ 
peratures  were  achieved  in  tests  of  the  pressure-atomizing  fuel  nozzles  (higher 
values  of  combustion  efficiency)  than  in  those  of  the  air-blast.  At  values  of  FA 
above  0.0087,  NOx  concentrations  obtained  with  the  air-blast  nozzles  were  higher. 

A  possible  explanation  for  observations  of  this  type  was  suggested  earlier  in  para¬ 
graph  7.e. 

h.  Evaluation  of  Circumferential  Fuel  Staging  Effects 

Circumferential  fuel  staging  offers  another  means  for  controlling  PHIP. 

It  requires  no  change  in  conventional  combustor  hardware  other  than  providing 
a  vehicle  for  shutting  off  the  flow  to  some  of  the  primary-zone  fuel  nozzles  during 
low-power  operating  conditions. 

Two  types  of  circumferential  fuel  staging  arrangements  were  investigated. 
The  first  was  alternate  fuel  nozzle  staging  in  which  fuel  was  supplied  to  seven  of 
14  fuel  nozzles  in  an  alternate  "on-off'  pattern  in  the  baseline  1-1B  combustor  con¬ 
figuration.  The  second  was  sequential  fuel  nozzle  staging  in  which  fuel  was  sup¬ 
plied  to  seven  fuel  nozzles  in  sequence,  and  the  burner  was  operated  with  the  re¬ 
maining  seven  fuel  nozzles  "off*  in  a  half-lit  condition.  The  latter  arrangement 
was  much  more  effective  in  reducing  UHC  and  CO  concentration  emission  levels 
than  the  alternate  fuel  nozzle  staging  arrangement.  Both  schemes,  however, 
yielded  high.NOx  concentrations. 

.'he  exhaust  gas  temperature  and  concentration  profiles  from  the  cir¬ 
cumferential  fuel-staging  tests  were  anticipated  to  be  quite  different  from  those 
obtained  in  the  more  conventional  tests.  In  the  case  of  alternate  fuel  nozzle 
staging,  these  profiles  were  expected  to  be  cyolic  because  only  those  fuel  noz¬ 
zles  in  alternating  locations  were  to  be  in  operation.  In  the  case  of  sequential 
fuel  nozzle  staging,  these  profiles  were  expected  to  be  extremely  warped  because 
seven  nozzles  in  sequence  serving  half  of  the  burner  were  to  be  in  operation  and 
the  other  seven  in  sequence  were  not. 

Consequently,  if  the  gas  sampling  means  used  in  previous  tests  of  this 
program  were  also  used  in  the  circumferential  fuel  staging  tests,  it  would  not 
be  possible  to  acquire  a  representative  gas  sample.  As  discussed  earlier  the 
sample  probe  was  initially  arranged  to  acquire  exhaust  gas  samples  through  inlet 
ports  in  each  of  two  irms  located  180  deg  apart.  Gas  entering  the  ports  in  each 
arm  were  then  directed  to  a  common  manifold  from  which  a  consolidated  sample 
was  then  transferred  to  the  analytical  instrumentation  system.  If  such  an  arrange¬ 
ment  were  used  to  obtain  exhaust  gas  samples  from  a  combustor  in  which  a  cyclic 
concentration  and  temperature  profile  were  anticipated,  then  one  of  the  probe 
arms  would  be  acquiring  exhaust  gas  directly  in  line  with  operating  fuel  nozzles 
and  the  other  arm  would  be  acquiring  exhaust  gas  in  line  with  an  inoperative  fuel 
nozzle.  The  net  result  of  mixing  sample  gases  from  the  two  probe  arms  then 
would  be  a  gas  sample  providing  mean  emissions  concentrations  at  each  circum¬ 
ferential  location  rather  than  one  providing  the  real,  nonnormalized  value.  There¬ 
fore,  to  acquire  real,  nonnormalized  exhaust  gas  samples  at  the  exhaust  plane  of 
the  combustor  the  gas  path  through  one  of  the  probe  arms  was  closed.  This  was 
accomplished  using  a  valve  located  at  the  inlet  to  the  mixture  manifold  immediately 
aft  of  the  probe  locating  ball.  Traverses  of  180  deg  were  then  made  using  the 
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single  sample  probe  arm,  instead  of  360  deg  traverses  using  two  arms.  Employing 
this  technique,  detailed  descriptions  of  the  emissions  concentration  signatures  re¬ 
sulting  from  circumferential  fuel  staging  were  achieved. 


Figure  99.  Comparison  of  Variations  in  NOx  Concen-  DF  96077 
tration  with  Fuel- Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  2-3A 
and  2-1 A 

The  variation  in  UHC  concentration  with  FA  is  shown  in  figure  100  for  both 
sequential  and  alternate  fuel  staging.  Included  in  this  figure,  for  reference,  are 
data  from  baseline  Combustor  Scheme  1-1 B. 

In  the  sequential  tests,  half  of  the  burner  was  operated  at  an  effective  value 
of  FA  that  was  twice  the  overall  value,  and  the  other  half  was  operated  (or  not 
operated)  at  an  effective  FA  of  zero.  It  might  be  expected,  then,  that  the  average 
concentration  of  UHC  at  the  exhaust  plane  would  be  that  corresponding  to  the 
average  of  zero  and  the  value  of  UHC  concentration  in  the  exhaust  gas  corres¬ 
ponding  to  the  concentration  measured  in  the  baseline  tests  in  which  the  value  of 
FA  was  twice  the  overall  value  of  FA  in  the  staging  test.  As  may  be  seen  in  fig¬ 
ure  100,  this  was  indeed  the  case.  At  an  overall  value  of  FA  of  0.008  in  the 
sequential  fuel- staging  test,  the  measured  UHC  concentration  was  approximately 
20  ppmv;  this  value  was  half  that  obtained  at  an  FA  of  0.016  in  the  baseline  tests. 
This  result  implies  that  the  two  halves  of  the  burner  function  essentially  indepen¬ 
dently,  each  having  its  own  FA  and  producing  UHC  concentration  levels  corres¬ 
ponding  to  those  obtained  at  the  same  half-burner  value  of  FA  in  the  baseline  tests. 

In  tests  of  the  circumferential  alternate  fuel-staging  concept,  UHC  concen¬ 
trations  were  significantly  higher  than  those  obtained  in  the  baseline  tests.  This 
result  is  attributed  to  the  interaction  between  adjacent  reacting  and  nonreacting 
regions  in  the  primary  zone.  Hot  gases  from  the  reacting  regions  downstream  of 
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operating  fuel  nozzles  expand  into  colder  nonreacting  regions  where  a  sharp  de¬ 
crease  in  temperature  and  equivalence  ratio  occurs.  Consequently,  local  UHC 
concentrations  increase  sharply  within  the  chamber  and  at  the  exhaust  plane. 

Figure  101  shows  the  variation  in  UHC  concentration  with  circumferential 
location.  The  data  shown  for  sequential  fuel  staging  encompasses  a  180  deg  sector 
centered  at  the  interface  between  the  hot  (lit)  and  cold  (unlit)  sections  of  the  burner. 
Some  spillage  of  UHC  is  evident  from  the  hot  sector  into  the  cold.  UHC  concentra¬ 
tion  levels  in  the  hot  region  are  on  the  order  of  40  ppmv,  whereas  those  in  the  cold 
region  approach  zero,  for  an  overall  average  UHC  concentration  of  approximately 
20  ppmv.  The  data  for  alternate  fuel  nozzle  staging  show  that  peaks  of  UHC  con¬ 
centration  occur  downstream  of  the  nonoperating  fuel  nozzles.  This  reflects  the 
low  reaction  temperatures  and  low  equivalence  ratios  at  those  locations. 

The  variation  in  CO  concentration  with  FA  is  shown  in  figure  102.  Levels 
for  both  the  sequential  and  alternate  staging  concepts  were  higher  than  those  ob¬ 
tained  in  the  baseline  Scheme  1-1B  (unstaged)  tests.  As  in  the  case  of  UHC  con¬ 
centrations,  these  results  are  believed  to  reflect  the  interaction  of  hot  reacting 
gases  with  the  cold  air  in  the  nonoperating  sections  of  the  combustor.  Below 
approximately  2200*F,  the  conversion  of  CO  to  COg  is  terminated  with  high  con¬ 
centrations  of  CO  observed  in  the  exhaust  gas.  In  the  alternate  staging  tests, 
the  reaction  zones  downstream  of  each  operating  fuel  nozzle  were  surrounded  by 
cold  air  from  swirlers  around  nonoperating  fuel  nozzles.  This  promoted  cooling 
of  the  reactants  and  produced  very  high  exit  concentrations  of  CO.  In  the  sequential 
staging  tests,  contact  between  the  hot  reacting  gases  and  cold  air  was  limited  to  the 
interface  between  the  operating  and  nonoperating  halves  of  the  burner.  While  this 
arrangement  was  less  effective  in  cooling  the  combustion  reaction,  the  sensitivity 
of  the  CO  to  COj  reaction,  plus  the  tendency  of  the  hot  gases  to  diffuse  into  the 
cold  half  of  the  burner,  resulted  in  a  net  increase  in  CO  concentration  in  the  ex¬ 
haust  gas  relative  to  levels  obtained  in  the  baseline  (unstaged)  tests. 


Figure  100.  Variation  in  UHC  Concentration  with  OF  96078 
Fuel-Air  Ratio  for  the  Circumferential 
Fuel-Staging  Tests  Conducted  with  Com¬ 
bustor  Scheme  1-1 B 
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Figure  101,  Variation  In  UHC  Concentration  with  Cir-  DF  96079 
cu inferential  Location  for  the  Circum¬ 
ferential  Fuel-Staging  Tests  Conducted 
with  Combustor  Scheme  1- IB  at  a 
Nominal  FUel-Air  Ratio  of  0. 008  (Fuel 
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Figure  102.  Variation  In  CO  Concentration  with  Fuel  DF  96080 
Atr  Ratio  for  the  Circumferential  Fuel- 
Staging  Tests  Conducted  with  Combustor 
Scheme  1-1B 


In  figure  103,  the  variation  in  CO  concentration  with  circumferential  loca¬ 
tion  is  presented.  The  curve  for  sequential  staging  exhibits  considerable  spillage 
of  CO  from  the  hot  sector  into  the  cold  sector,  with  levels  of  100  ppmv  measured 
in  the  middle  of  the  nonoperating  half  of  the  combustor  (1.  e. ,  the  data  point  at 
257  deg).  The  curve  for  alternate  staging  exhibits  the  same  periodic  variation  as 
that  found  with  UHC  in  figure  101.  Although  the  CO  levels  are  considerably  higher 
than  the  UHC  levels,  the  periodic  variation  is  less  pronounced.  This  is  believed 
to  reflect  the  greater  sensitivity  of  CO  to  cold  air  temperatures  and  the  ability 
of  CO  to  diffuse  into  the  surrounding  regions  of  the  combustor. 

The  variation  in  NOx  concentration  with  FA  is  shown  in  figure  104.  In  both 
the  sequential  and  alternate  staging  tests,  higher  levels  of  NOx  were  obtained  than 
in  the  baseline  Scheme  1-1B  (unstaged)  tests.  This  can  be  partially  explained  by 
the  fact  that  higher  peak  reaction  temperatures  (caused  by  higher  local  equivalence 
ratios)  were  produced  by  using  only  seven  of  the  14  primary  fuel  nozzles.  However, 
the  levels  obtained  are  higher  than  those  associated  with  increased  equivalence 
ratios  alone.  For  example,  at  an  FA  of  0. 008  levels  of  18  ppmv  were  obtained 
in  both  the  sequential  staging  and  alternate  staging  tests.  If  half  the  burner  had 
been  operating  at  an  FA  of  0. 016  (twice  the  overall  FA  of  0. 008)  the  baseline 
curve  indicates  that  a  level  of  about  20  ppmv  would  have  been  produced  in  half 
of  the  burner.  In  the  remaining  half,  however,  a  level  of  zero  ppmv  would  have 
been  obtained  (corresponding  to  an  FA  of  zero),  with  a  resulting  overall  average 
of  10  ppmv.  This  hypothetical  case  represents  the  maximum  reaction  tempera¬ 
tures  and  therefore  the  highest  NOx  concentrations  attainable  at  an  overall  FA 
of  0. 008.  The  18  ppmv  level  actually  obtained  was  nearly  twice  as  high.  In  other 
tests,  a  correlation  has  been  noted  between  high  NOx  concentrations  and  high  con¬ 
centrations  of  UHC.  While  this  might  account  for  the  unusually  high  NOx  concen¬ 
trations  in  the  case  of  alternate  staging  at  very  low  values  of  FA  (where  UHC 
levels  as  high  as  295  ppmv  were  measured),  it  does  not  account  for  the  fact  that 
high  NOx  levels  were  measured  in  the  sequential  staging  tests  where  relatively 
low  UHC  concentrations  (less  than  40  ppmv)  were  observed.  Thus,  no  apparent 
satisfactory  explanation  is  available  currently  for  the  high  NOx  levels  obtained. 

The  data  obtained  in  these  tests,  with  the  hardware  described,  indicate  that 
simply  staging  the  fuel  flow  to  the  primary  zone  nozzles  in  a  conventional  annular 
combustor  does  not  significantly  reduce  both  UHC  and  CO  at  low  power  conditions. 
Alternate  staging  was  observed  to  be  severely  limited  by  interactions  between  ad¬ 
jacent  regions  of  reacting  and  nonreacting  flow.  Sequential  staging  was  observed 
to  produce  a  reduction  in  UHC  concentrations  at  low  power,  but  cause  a  slight 
increase  in  CO  and  NOx  concentrations  because  of  the  aforementioned  interactions. 
Unless  both  sir  and  fuel  arc  staged  in  the  primary  zone,  eliminating  the  presence 
of  cold,  nonreacting  flow,  these  approaches  appear  to  offer  little  promise. 

i.  Evaluation  of  Primary-Zone  Film- Cooling  Effects 

Film-cooling  air  on  the  walls  of  a  combustor  contributes  to  a  more  hetero¬ 
geneous  combustion  process.  In  particular,  the  layer  of  relatively  cold  air  along 
the  flameaide  boundary  of  the  primary  zone  Is  exposed  to  burning  fuel  droplets 
that  penetrate  into  the  cooling  film  where  they  are  totally  or  partially  extinguished 
by  a  sudden  drop  in  temperature.  In  this  way,  high  concentre  Moos  of  partially  re¬ 
acted  species  can  be  formed  in  layers  along  the  walls.  Unless  these  species  are 
subsequently  entrained  into  the  main  flow  stream  and  are  reacted  to  completion, 
they  contribute  to  the  overall  levels  of  UHC  and  CO  concentrations  measured  at 
the  exit  of  the  combustor. 
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Figure  103. 
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Variation  in  CO  Concentration  with  Cir¬ 
cumferential  Location  for  the  Circum¬ 
ferential  Fuel-Staging  Testa  Conducted 
with  Combustor  Scheme  1-iB  at  a 
Nominal  Fuel-Air  Ratio  of  0.008  (Fuel 
Norzle  Status  and  Location  Shown) 
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Figure  104. 


Variation  in  NO,  Concentration  with 
Fuel  Air  Ratio  for  the  Circumferential 
Fuel-Staging  Testa  Conducted  with  Com¬ 
bustor  Scheme  i- IB 
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A  limited  series  of  tests  was  conducted  to  determine  the  portion  of  the  exit- 
plane  emissions  that  were  derived  from  the  quenching  of  reactants  in  the  film¬ 
cooling  layer  of  the  primary  zone.  Combustor  Scheme  2-1A  (PSAR  of  0. 31)  was 
chosen  for  these  tests  as  that  arrangement  having  the  best  airflow  distribution  for 
low-power  operation  (based  on  the  air-staging  test  results).  Film-cooling  air  was 
prevented  from  entering  the  primary  zone  by  means  of  temporary  sheet  metal 
patches.  To  maintain  constant  combustor  total  pressure  drop,  the  reduction  in 
total  open  hole  area  resulting  from  closing  the  primary  cooling  holes  was  com¬ 
pensated  for  by  an  equal  increase  in  the  area  of  the  primary  penetration  holes. 

The  combustor  was  then  operated  at  values  of  FA  in  the  low-power  range.  Com¬ 
parison  of  test  results  from  this  series  with  those  obtained  using  Combustor 
Scheme  2- LA  in  the  air-staging  tests  (with  the  full  complement  of  cooling)  made 
it  possible  to  determine  the  influence  of  primary  zone  film  cooling  on  emissions 
levels. 

In  the  tests  with  no  primary-zone  film  cooling,  a  slight  decrease  in  the 
concentrations  of  UHC  and  NOx,  and  a  slight  increase  in  the  concentration  of  CO 
were  observed.  The  variations  in  UHC,  CO,  and  NOx  concentrations  with  FA 
are  shown  in  figures  105  through  10?  respectively.  For  reference,  data  are 
included  in  these  figures  for  the  tests  conducted  previously  with  the  full  comple¬ 
ment  of  cooling.  The  data  obtained  for  Combustor  Scheme  2-1 A  without  film 
cooling  is  confined  to  values  of  FA  below  0. 008  because  of  the  desire  to  avoid 
excessive  metal  temperatures  in  the  uncooled  sections  of  the  combustor. 

As  may  be  seen  in  figure  105,  the  elimination  of  primary-zone  cooling  caused 
a  slight  downward  shift  in  UHC  concentrations  but  did  not  change  the  general  trend 
of  its  variation  with  FA.  This  result  is  consistent  with  the  hypothesis  that  UHC  is 
formed  In  part  by  the  extinguishing  of  burning  fuel  in  the  film  cooling  layer  of  the 
primary  zone.  When  this  layer  was  eliminated  in  these  tests,  a  slight  decline  in 
UHC  concentrations  resulted. 

In  figure  106,  it  may  be  seen  that  an  opposite  shift  occurred  to  CO  concen¬ 
trations  wbjr  film- cooling  air  was  removed.  This  result  is  not  unexpected  be¬ 
cause  of  the  manner  in  which  CO  is  produced.  CO  is  an  Intermediate  combustion 
product  formed  when  an  otherwise  efficient  reaction  Is  cooled  too  rapidly.  This 
process  occurs  more  to  the  free- stream  regions  of  the  combustor,  where  rela¬ 
tively  cold  penetration  air  mixes  with  the  products  of  combustion,  than  along  the 
flames  Ide  boundaries  where  only  limited  surface  contact  occurs  between  hot  com¬ 
bustion  gases  and  the  layer  of  cold  film- cooling  air.  Thus,  the  elimination  of  the 
film -cooling  layer  would  not  be  expected  to  reduce  CO  concentrations  significantly. 
In  fact,  if  the  air  that  has  been  used  for  film  cooling  Is  added  to  the  free  stream, 
as  was  done  to  this  case,  it  might  be  expected  that  CO  concentrations  would  in¬ 
crease,  as  they  did  in  these  results. 

The  variation  to  NOx  concentration  with  FA  is  shown  to  figure  107.  Lower 
concentration  levels  were  obtained  in  the  tests  with  no  primary  film  cooling. 

Results  of  this  type  ordinarily  indicate  either  that  peak  reaction  temperatures 
have  been  lowered  or  that  the  residence  time  of  reactants  at  elevated  tempera¬ 
tures  has  been  diminished.  Because  nothing  was  done  to  affect  residence  times, 
the  former  change  must  have  occurred.  This  would  be  the  case  if  the  hypothesis 
set  forth  in  the  discussion  of  CO  concentrations  is  true.  The  primary  zone  film- 
cooling  air,  when  readmitted  as  penetration  air  would  have  lowered  the  effective 
equivalence  ratio,  thereby  reducing  peak  reaction  temperatures  and  causing  a 
decline  to  NOx  concentration*,  thus,  the  results  obtained  for  oxides  of  nitrogen 
also  tend  to  support  the  hypothesis  for  the  increase  to  CO  levels. 
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Figure  105.  Comparison  of  Variations  in  U.HC  Con¬ 
centration  with  Fuel* Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  2-2 A 
and  2-1 A 
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Figure  106.  Comparison  of  Variations  in  CO  Con¬ 
centration  with  Fuel-Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  2-2A 
and  2-1 A 
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Figure  I0t«  Comparison  of  Variations  In  NO^  Con-  OF  96085 
contrail  on  with  Fuel-Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  2-2A 
and  2-1 A 

The  variation  in  combustion  efficiency  with  FA  is  presented  in  figure  108. 
Elimination  of  primary- *one  film  cooling  produced  only  a  slight  change  la  KFFGA. 
However,  a  decline  of  about  3. 5$  was  registered  in  KFFMEU  One  hypothesis  that 
account*  for  this  result  is  that  signlflean  Jy  more  heat  was  transfer  ret!  from  the 
dome  and  i?ps«re  m  lin*  rs  of  the  combustor  ir.  the  tests  without  primary  film 
cooling  because  os  tecres^od  r-Vtiutlm  from  the  generally  hotter  metal  surfaces 
to  the  riu  case,  tills  heat  tost  was  -^fleeted  in  generally  lower  exit  traverse 
temp<  ‘ore#  and  resulted  In  erroneous^*  low  thermocouple  efficiency  readings. 
Values  of  FFK1A  ere  accepted  ns  correct. 


The  results  obtained  in  these  testa  indicate  that  slight  reductions  to  M0* 

!Utl  t:HC  concentration*  can  be  achieved  by  the  elimination  of  primary- rone  film 
cooling,  to  toe  combustor  configuration  tested,  these  reductions  were  made  at 
the  expense  ot  a  slight  increase  in  CO  concentrations.  Several  implications  of 
these  results  merit  addition  *1  comment.  The  relatively  Mfsall  effect  of  prtmary- 
>une  film  cooling  on  emission*  may  not  apply  In  other  c»s-$*.  Different  front-end 
configurations  and  different  amounts  of  cooling  may  affect  the  Refaction  between 
the  cooling  film  and  the  reacting  mixture,  to  combustors  with  very  high  concen¬ 
tration  levels  of  11IC  and  CO  at  low-power  operation,  the  influence  o t  film  cooling 
may  be  relatively  more  important.  The  slight  reduction  to  obtained  to  these 
vests  may  have  been  due  to  increased  radiatiw*  cooling  of  the  reaction  in  the  pri- 
i&utf  tone,  if  this  is  the  case  then  the  various,  scheme*  ^ch  nvJgM  be  Smple- 
mvtated  to  remove  the  cooling  film  from  H»;-  sur/see  »f  th?  primary  xetve 

(sUch  s *  convective  cooling  of  the  oulsl.it  '  1  'vmtoaJc  u.«?  rtwhsAlrc 

cool  tog  and  restore  NO*  concentration  m  their  orvgtoai  iev«>’«. 
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Hguro  10S.  Comparison  of  Variations  in  Combustion  DF  %086 
efficiency  with  Fuel- Air  Katio  for  Tests 
Conducted  with  Combustor  Schemes  2- 2A 
ami  2  -1 A 

10.  Combtistor  B  Test  Program 
a.  General 


. Culrbui‘tor,Ii  W3Jt  us<h1  t0  investigate  another  means  for  controlling  P  IP, 
and  thereby  regulating  the  formation  and  concentration  of  objectionable  exhaust 
emissions  during  low-power  operating  conditions.  In  this  concept,  fuel  ami  air 
'*  control  led  proportions  were  mixed  prior  to  their  being  injected  into  the  primary 
*one  of  the  combustion  chamber.  H  ^ 

The  primary  motive  for  the  design,  fabrication,  nd  testing  of  a  second 
combustor  P,  was  to  evaluate  pertinent  a-  is  not  covered  bv  com- 
bustor  A  testing.  The  design  *f  combustor  B  was  s>  be  based  principally  on  the 
results  from  the  analytical  model  of  Phase  I,  the  results  from  combustor  A  testing, 
and  an  evaluation  of  material  obtained  from  research  literature  and  in- house  studies. 

Combustor  B  embodied  features  resulting  from  consideration  of  the  afore¬ 
mentioned  criteria  to  achieve  reduced  emissions  at  low  power.  These  features 
Included  means  for  providing  good  fuel  and  air  management  with  resulting  con¬ 
trolled  burning  within  desired  tocl-air  ratio  limits  over  the  range  of  combustor 
operation* 

lbcJJrof,r*n>’  a*  lbe  results  oT  Phase  I  and  Phase  11 
testing  a>1  the  Phase  I  modeling  effort  have  become  known,  a  concept  of  what  was 
required  to  achieve  emission-free  operation  in  a  gas  turbine  combustor  was  evolved. 
The  main  points  of  this  concept  may  be  summarised  as  follows;  fuel  must  be  mixed 
with  air  ami  prepared  for  burning  ^cfgrc  injection  into  the  combustor;  and  combos - 
tion  must  take  place  within  a  narrow  range  of  primary  *ooc  divalence  ratios. 
fh*'«c  .wo  points  were  chosen  as  the  foundation  for  the  design  for  combustor  B. 
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Good  fuel  preparation  was  accomplished  by  mixing  fuel  and  air  in  premixing 
or  carburetion  tubes,  which  replaced  the  conventional  fuel  injectors  used  in  com¬ 
bustor  A.  Control  of  primary-zone  FA  was  provided  by  two  methods,  fuel  and 
air  staging.  These  drew  upon  the  experience  already  gained  with  combustor  A. 

Except  for  those  features  related  to  premixing  and  the  staging  of  fuel  or  air, 
combustor  B  was  identical  to  combustor  A.  This  close  similarity  in  design  made 
it  possible  to  relate  the  results  obtained  with  combustor  B  to  those  already  obtained 
with  combustor  A.  Table  XI  shows  a  summary  of  the  design  features  of  combustor  B. 
Details  of  the  designs  of  the  carburetion  tube  fuel  injectors,  were  presented  in  an 
earlier  section. 

The  design  of  combustor  B  was  based  on  good  fuel  preparation  and  closely 
controlled  burning  at  desired  values  of  FA.  Good  fuel  preparation  involves  pre¬ 
senting  fuel  and  air  to  the  combustion  zone  in  as  homogeneous  a  condition  as  pos¬ 
sible.  Ideally,  fuel  preparation  occurs  before  the  onset  of  combustion;  if  it  does 
not,  the  final  stages  of  fuel  dispersion,  atomization,  and  vaporization,  and  the 
mixing  of  fuel  with  air  occur  simultaneously  in  the  midst  of  the  combustion  process. 
Burning  then  occurs  at  a  variety  of  different  local  equivalence  ratios  as  fuel,  in 
various  stages  of  preparation,  ignites.  Only  when  proper  preparation  of  all  of 
the  fuel  precedes  ignition  can  it  be  ensured  that  combustion  will  occur  at  a  known 
or  predictable  value  of  equivalence  ratio.  Combustor  B  incorporated  fuel  pre¬ 
paration  cans  that  provided  a  near- homogeneous  mixture  of  fuel  and  air  to  the 
combustor  over  a  range  of  design-point  equivalence  ratios  to  establish  the  most 
desirable  value  for  reducing  harmful  exhaust  emissions. 

Conventional  fuel  injectors  generally  fall  short  of  ideal  fuel  preparation  in 
several  respects.  First,  liquid  fuel  is  dispersed  in  the  air  as  a  spray  of  fine 
droplets.  Vaporization  occurs  as  the  droplets  move  through  the  air.  At  some 
point,  ignition  of  the  very  rich  fuel-air  mixture  around  the  droplet  occurs,  and 
combustion  takes  place  at  high  values  of  equivalence  ratio.  Although  adequate 
amounts  of  air  may  be  available  in  the  primary  zone  at  large  for  lower  equivalence 
ratios,  combustion  occurs  mainly  at  local  equivalence  ratios  outside  the  ideal  range. 

Second,  the  mixing  of  burning  fuel  and  air  continues  on  a  ronuniform  basis 
as  the  reaction  progresses.  In  some  regions,  excessive  amounts  of  air  may  be 
mixed  with  the  reacting  constituents,  lowering  the  temperature  and  quenching 
the  reaction.  In  other  regions,  inadequate  amounts  of  air  may  be  added,  resulting 
in  oxygen- starved  mixtures  that  cannot  burn  to  completion  before  they  pass  out  of 
the  primary  zone. 

Third,  the  quality  of  fuel  preparation  varies  with  engine  operating  conditions. 

At  full  power,  both  fuel  atomization  and  the  distribution  of  droplets  over  the  volume 
of  ;he  primary  zone  are  excellent.  The  droplets  bum  rapidly  and  mix  effectively 
witii  the  available  air.  If  sufficient  primary-zone  air  has  been  admitted  to  achieve 
an  average  equivalence  ratio  just  under  stoichiometric,  reaction  products,  in¬ 
cluding  NOx,  can  be  low.  At  low  power  operating  conditions,  or  the  other  hand, 
fuel  injector  pressure  drop  is  reduced,  resulting  in  relatively  large  droplets  and 
poor  distribution  over  the  primary-zone  volume.  Even  with  air-assist-type  fuel 
injectors,  which  utilize  inlet  air  pressure  drop  for  better  atomization,  large 
droplet  burning  can  still  occur  at  equivalence  ratios  outside  the  ideal  range,  re¬ 
sulting  in  incomplete  combustion  and  large  amounts  of  undesirable  exhaust  emis¬ 
sions. 
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Table  XI.  Combustor  B  Basic  Design  Features 


Type  Combustor 

Annular,  Static  Fed, 

Film  Cooling,  Carburetion 
Tubes  With  Swirler  Discharge 

Length,  in. 

16.0 

Height,  in. 

4.0 

Outer  Diameter,  ir. 

18.0 

Inner  diameter,  in. 

10.0 

Combustor  Ref  Area,  sq  in. 

176.0 

Type  Fuel  Injectors 

Carburetion  Tubes 

Number  of  Fuel  Injectors 

14 

Combustor  Material 

Hastelloy  X 

Wall  Thickness,  in. 

0.  0625 

Design  Point  Conditions 

Fuel-Air  Ratio 

0. 022 

Volumetric  Heat  Release, 

5.2  x  106 

Btu./hr-atm-ft^ 

3ased  on 

Inlet  Pressure,  psia 

330 

Combustor  Airflow,  lbm/sec 

120 

Combustor  Ref  Velocity,  ft/sec 

100 

Combustor  Total  Pressure  Drop,  % 

3.5 

(Inlet  Total) 

Good  fuel  preparation  of  the  quality  required  for  combustor  B  involves  the 
atomisation  and  dispersion  of  liquid  fuel  in  air,  subsequent  evaporation  of  the 
droplets,  and  thorough  mixing  of  fuel  vapor  and  air  prior  to  introduction  into  the 
combustor.  The  premixing  or  carburetion  tubes  ’ere  designed  to  satisfy  ail 
these  requirements.  Six  series  of  tests  were  conducted  using  combustor  B  to 
evaluate  and  refine  the  selected  premixing  concept,  and  to  investigate  methods 
of  combining. this  concept  with  both  air  and  fuel  staging.  The  initial  tests  were 
conducted  over  a  low-  power  FA  range,  0. 004  to  0. 010,  to  determine  the  effects 
of  primary-zone  airflow  distribution  and  combustor  air  pressure  drop  on  emis¬ 
sions  reduction.  In  the  remaining  tests,  methods  of  extending  combustor  opera¬ 
tion  into  the  intermediate  and  full-power  ranges  were  investigated.  These  means 
included  the  use  of  air  staging,  circumferential  fuel  staging,  and  carburetion 
tubes  in  a  fixed  combustor  geometry. 

b.  Evaluation  of  Liner  Total  Pressure  Drop  Effects 

To  provide  fuel-air  mixture  velocities  in  the  premixing  tubes  sufficiently 
high  to  prevent  flameholding  and  autoignition,  an  increase  in  liner  total  pressure 
drop  '  3.5%,  from  the  1.8%  used  in  the  combustor  A  tests,  was  required. 
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Therefore,  to  relate  the  results  obtained  using  combustor  B  to  those  obtained 
using  combustor  A,  the  effect  of  increasing  the  liner  total  pressure  drop  for 
combustor  A  from  L  8  to  3.5%  had  to  be  determined. 

Accordingly,  the  first  series  of  tests  conducted  with  combustor  B  was 
accomplished  with  a  configuration  (including  the  4  gph  pressure-atomizing  fuel 
nozzles)  almost  identical  to  Scheme  4-1A.  The  two  notable  differences  were  the 
increased  pressure  drop  feature,  and  a  decrease  in  design-point  PHIP  from  1. 0 
to  0. 8.  This  latter  modification  was  made  in  order  to  establish  some  commonality 
with  the  remaining  combustor  B  configurations  that  were  designed  with  a  PHIP  of 
0.8.  The  new  burner  configuration,  designated  Scheme  5-1B,  was  achieved  by 
decreasing  the  size  of  all  air-entry  holes  to  effect  the  desired  twofold  increase 
in  pressure  drop.  The  scheme  sheet  for  the  5-1B  configuration  is  shown  in  fig¬ 
ure  109.  Test  results  obtained  using  this  combustor  were  then  compared  with 
those  previously  obtained  using  combustor  A  Scheme  4-1A.  Combustor 
Scheme  5- IB  produced  lower  concentrations  of  UHC,  higher  concentrations  of 
CO,  and  approximately  the  same  concentrations  of  NOx  as  those  generated  by 
Scheme  4-1  A. 


Fuel  Injactor  Pressure  Atomizing 

Film  Cooling  Air  Flowrsts  25.8% 

Tost  Conditions 


Inlst  Air  Tamparature 
Inlet  Air  Pressure 
FuaFAir  Ratio  Rang* 


400°F 
15.6  psia 
0.004  ■  0.012 


Figure  109.  Summary  Sheet  for  Combustor  B  FD  72104 

Scheme  5- IB 


The  variation  in  UHC  concentration  with  FA  for  combustor  Schemes  5- IB 
and  4-1 A  (for  reference)  are  shown  in  figure  110.  Scheme  5- IB  demonstrated 
significantly  lower  concentrations  than  those  obtained  with  the  4-1A  configuration. 
At  values  of  FA  greater  than  0. 005,  UHC  concentrations  were  less  than  10  ppmv. 
This  trend  is  attributed  to  an  increased  turbulence  level  in  the  primary  zone 
caused  by  the  increased  liner  total  pressure  loss. 

The  trends  in  UHC  concentration  with  FA  for  Schemes  4-1A  and  5-1B  are 
quite  different  above  an  FA  of  0. 006.  The  upward  trend  exhibited  by  Scheme  4-1A, 
and  not  by  5- IB,  is  attributed  to  the  4-1A  primary  zone  being  over- rich. 
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Scheme  4-1A  was  designed  to  have  a  PHIP  of  1.0;  Scheme  5-1 B  was  designed  to 
have  a  PIIIP  of  0. 8.  The  greater  amount  of  air  in  the  primary  zone  of  the  latter 
scheme  is  believed  to  have  prevented  che  primary  zone  from  becoming  over-rich 
and  contributing  to  high  concentrations  of  UHC  in  the  exhaust  gas. 

The  variation  in  CO  concentrations  with  FA  for  combustor  Schemes  4-1A 
and  5-1B  are  shown  in  figure  111.  Above  an  FA  of  0.004,  the  rate  of  change  of 
CO  concentration  with  FA  was  much  greater  for  Scheme  5- IB  than  for  Scheme  4-1A, 
and  at  an  FA  of  0. 010  the  absolute  value  of  CO  concentration  was  also  significantly 
greater.  These  generally  higher  values  are  believed  to  be  the  result  of  two  events. 
First,  the  decrease  in  PHIP  increased  the  amount  of  air  in  the  primary  zone  that 
was  available  to  effect  a  greater  conversion  of  fuel  into  CO  (the  low  UHC  con¬ 
centrations  attest  to  this).  Second,  a  higher  quenching  effectiveness  was  achieved 
in  the  secondary  zone  as  a  result  of  the  greater  liner  total  pressure  loss. 

The  variation  in  NOx  concentration  with  FA  is  presented  in  figure  112  for 
Schemes  5- IB  and  4-1  A.  The  curves  are  similar  in  shape  and  magnitude,  with 
Scheme  5-1B  exhibiting  higher  concentration  levels  at  values  of  FA  of  0. 008  and 
0. 010,  and  Scheme  4-1A  exhibiting  higher  levels  at  0. 004  and  0. 006.  Both  schemes 
produced  an  increase  in  NOx  as  FA  was  increased  (peak  reaction  temperatures  in¬ 
creased)  and  a  subsequent  decrease  as  values  of  PHIP  exceeded  unity  and  reaction 
temperatures  began  to  drop.  The  curve  for  Scheme  5-1B  is  somewhat  shifted  to 
the  right  (higher  values  of  FA)  with  respect  to  the  curve  for  Scheme  4-1A.  This 
is  believed  to  be  a  result  of  the  increase  in  the  quantity  of  air  added  to  the  primary 
zone  of  Scheme  5- IB,  which  caused  a  corresponding  shift  in  PHIP.  If  both  com¬ 
bustor  schemes  had  been  designed  with  the  same  value  of  PHIP,  little  difference 
in  the  NQX  concentrations  would  most  likely  have  been  observed  despite  the  dif¬ 
ference  in  liner  total  pressure  drops. 


Figure  110.  Comparison  of  Variations  in  UHC  Con-  DF  96087 
centration  with  Fuel-Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  5- IB 
and  4-1 A 
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Figure  111.  Comparison  of  Variations  in  CO  Con-  DF  96088 
centration  with  Fuel-Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  5-1B 
and  4-1 A 


The  variation  in  combustion  efficiency  with  FA  is  presented  in  figure  113 
for  Schemes  5- IB  and  4-1  A.  The  results  obtained  for  the  two  schemes  are  in 
close  agreement,  reflecting  the  fact  that  differences  in  the  combined  (weighted) 
totals  of  UHC  and  CO  concentrations  were  small. 

Results  obtained  in  these  initial  tests  have  established  that  increasing  com¬ 
bustor  liner  pressure  drop  from  1. 8%  to  3. 5%  does  not  yield  an  across-the-board 
reduction  in  objectionable  emissions  concentration  at  low  power.  On  the  basis  of 
these  results,  reductions  in  emission  concentrations  achieved  in  subsequent  tests 
with  carburetion  tube  fuel  injectors  can  be  attributed  exclusively  to  the  premixing 
concept  rather  than  to  increased  liner  pressure  drop. 


FUEL-AIR  RAllO 


Figure  113.  Comparison  of  Variations  in  Combustion  DF  96090 
Efficiency  with  Fuel-Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  5- IB 
and  4-1 A 

c.  Evaluation  of  the  Basic  Premixing  Combustor 

The  basic  fuel-air  premixing  concept  was  evaluated  using  combustor 
Scheme  5-1A.  A  schematic  diagram  showing  the  salient  features  of  this  con¬ 
figuration  is  shown  in  figure  114  and  a  photograph  of  the  physical  hardware  prior 
to  testing  is  shown  in  figure  115.  The  combustor  airflow  distribution  was  arranged 
to  provide  a  PSAR  of  0. 18,  with  the  entire  primary-zone  airflow  entering  through 
the  premixing  tubes.  The  design-point  PHIP  with  this  arrangement  was  1. 0  at  an 
overall  FA  of  0.008. 

The  first  test  series  was  conducted  at  values  of  FA  in  the  low-power  opera¬ 
ting  range  from  0. 004  to  0. 012,  both  above  and  below  the  design-point  FA  of  0. 008. 
Results  obtained  showed  that  the  concentrations  of  CO  and  NOx  were  significantly 
lower  than  the  values  obtained  during  tests  of  the  5- IB  configuration;  and  the  UHC 
concentrations,  above  the  lean  blowout  FA  limit  (LBO),  were  as  good  as  they  were 
in  the  5- IB  series. 
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Figure  114.  Combustor  Scheme  5-1A  FE  125486 

The  improvements  in  low-power  emissions  obtained  with  the  5-1 A  arrange¬ 
ment  were  made  at  the  expense  of  increasing  the  LBO.  The  LBO  observed  in  the 
5-1A  series  was  approximately  0.0049  and  in  the  5-1B  series  it  was  approximately 
0.002.  For  comparison,  the  LBO  observed  in  the  baseline  1-1B  series  was  0.0014. 

After  the  test  series  had  been  completed,  an  obstruction  in  the  inlet  to  the 
burner  was  discovered.  A  thermocouple  junction  box  used  in  the  flashback  moni¬ 
toring  system  for  the  carburetion  tubes  had  been  mounted  in  close  proximity  to 
the  combustor,  impeding  the  flow  of  air  into  one  of  the  carburetion  tubes.  This 
obstruction  resulted  in  a  lower  airflow  rate  through  the  tube,  which  yielded  a 
locally  high  equivalence  ratio  in  that  section  of  the  primary  combustor  zone  being 
fed  by  the  partially  air-starved  tube.  Emission  concentrations  at  the  exhaust 
plane  in  line  with  the  affected  tube  were  noticeably  different  from  those  in  line 
with  the  other  carburetion  tubes.  Consequently,  the  obstruction  was  removed 
and  the  test  series  was  repeated.  A  discussion  of  this  first  test  series  and  the 
effect  of  combustor  inlet  airflow  distortion  on  emission  concentrations  and  dis¬ 
tribution  is  presented  later  in  this  report. 
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23.4% 

400°F 
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Figure  115.  Summary  Sheet  for  Combustor  B  FD  72105 

Scheme  5-1 A 

Tests  accomplished  with  combustor  Scheme  5-1 A  were  accomplished  at 
reference  velocities  of  approximately  120  fps  instead  of  at  the  nominal  design- 
point  value  of  100  fps.  This  change  was  necessary  to  compensate  for  a  problem 
that  had  been  encountered  when  modifying  the  combustor  hardware  to  the  5-1 A 
configuration.  The  combustor  total  hole  area  after  modification  was  approximai  ly 
20%  greater  than  that  needed  to  provide  a  liner  pressure  drop  of  3. 5%.  To  com¬ 
pensate  for  this,  combustor  airflow  rate  was  increased  until  the  desired  3.5%  liuer 
total  prossure  drop  was  achieved.  The  effect  of  the  resulting  increased  reference 
velocity  on  emissions  concentration  was  considered  to  be  essentially  negligible, 
however.  In  the  combustor  A  test  program,  It  had  been  found  that  higher  value.1 
of  reference  velocity,  as  produced  by  increased  airflow  rates,  generally  resulted 
in  higher  concentrations  of  CO  and  lower  concentrations  of  NOx.  Inasmuch  as  the 
tests  with  combustor  B  Scheme  5-1 A  produced  the  lowest  CO  levels  observed  in 
any  test  up  to  this  point  In  the  Phase  II  experimental  program,  the  effect  of  the  20% 
increase  In  reference  velocity  can  probably  be  discounted.  The  lower  NOx  levels 
that  were  observed,  however,  could  be  due  in  part  to  the  higher  reference  velocities. 
Tho  observed  effect  of  reference  velocity  on  NO*  concentration  was  discussed  earlier. 

The  variation  in  U1IC  concentration  with  FA  is  shown  in  figure  116  for 
Schemes  5-1 A  and  5- IB.  Both  schemes  produced  very  low  levels  of  UHC  at  low- 
power  operating  conditions;  at  values  of  FA  greater  than  0.008,  the  UHC  con¬ 
centrations  produced  by  combustor  Scheme  5-1 A  were  slightly  lower.  The  dif¬ 
ferences,  however,  are  on  the  order  of  but  l  ppmv.  At  values  of  FA  below  0.008, 
however.  Scheme  5-1 A  exhibited  a  sharper  increase  in  UHC  concentrations  as  FA 
was  decreased.  This  trend  was  a  consequence  of  the  higher  LBO  experienced 
with  Scheme  5-1  A.  A  concentration  of  38  ppmv  at  an  FA  of  0.0049  marked  the 
beginning  of  an  exponential  rise  in  UHC  at  the  onset  of  LBO  for  Scheme  5-IA. 
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In  comparison,  the  UHC  concentration  obtained  with  combustor  Scheme  5-1B 
was  15  ppmv  at  an  FA  of  0.004;  this  value  of  FA,  however,  was  well  above  its 
lean  limit,  and  the  value  of  UHC  concentration  observed  was  simply  the  result 
of  a  low  value  of  PHIP. 


FUKUAI*  RATIO 


Figure  116.  Comparison  of  Variations  in  UHC  Con-  DF  96091 
centration  with  Fuel- Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  5-1 A 
and  5- IB 

The  variation  in  CO  concentration  with  FA  is  shown  in  figure  117  for  com¬ 
bustor  Schemes  5-1 A  and  5- IB.  The  curve  for  the  Scheme  5-1 A  data  passes 
through  a  minimum  value  of  58  ppmv  at  an  FA  of  0. 006.  This  concentration  was 
the  lowest  obtained  for  CO  up  to  this  point  in  the  experimental  program.  Condi¬ 
tions  appeared  to  be  nearly  ideal  in  the  primary  zone  in  order  for  these  low  con¬ 
centrations  of  CO  to  have  been  achieved.  At  the  FA  of  0.006,  the  fuel-air  mixture 
discharged  through  the  carburetion  tube  had  an  equivalence  ratio  of  0. 8;  this  value 
was  sufficiently  high  for  efficient  reaction,  but  lean  enough  to  provide  the  .ieces- 
sary  air  for  initiating  the  conversion  of  CO  to  CO2.  In  addition,  quenching  air 
was  added  to  the  primary-zone  reaction  products  sufficiently  far  downstream  to 
preclude  dilution  air  from  terminating  the  CO-to-C02  reaction.  At  values  of  FA 
above  0.006  the  primary  zone  became  fuel-rich,  resulting  in  a  shortage  of  air 
for  the  oxidation  of  CO.  However,  the  concentration  levels  and  the  rate  of  change 
of  CO  concentration  with  FA  at  values  of  FA  above  0. 006  are  somewhat  deceiving. 

In  nearly  all  tests  conducted  in  this  experimental  program  burner  inlet  temperature 
was  maintained  at  a  value  of  approximately  400”F.  Consequently,  all  emission  con¬ 
centrations  above  those  corresponding  to  low-power,  or  idle,  must  be  tempered  in 
light  of  this  normalization.  In  an  actual  engine  situation,  burner  inlet  temperature 
is  not  a  fixed  value,  but  Increases  as  the  power  demand  (increased  values  of  FA) 
is  increased.  From  both  kinetic  studies  and  direct  observation,  as  discussed  in 
Section  HI,  CO  concentration  decreases  as  burner  inlet  temperature  increases. 
Therefore,  values  of  CO  concentration  above  an  FA  of  0. 006  would,  in  a  real 
engine  situation,  be  lower  than  those  shown  in  figure  117.  However,  to  ascertain 
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relative  effects  and  trends,  comparing  emission  concentrations  for  a  given  con¬ 
figuration  with  those  of  a  baseline  system  has  been  shown  in  this  program  to  be  a 
good,  reasonable,  comparative  experimental  technique.  Detailed  evaluation  of  a 
final  combustor  configuration  should  be  accomplished  in  an  experimental  arrange¬ 
ment  that  more  closely  simulates  actual  engine  conditions.  Now,  at  values  of  FA 
less  than  0. 006,  the  combustor  inlet  temperature  used  in  the  experimental  pro¬ 
gram  was  approximately  the  same  as  it  would  have  been  in  practice;  however,  the 
primary  zone  became  lean,  resulting  in  lower  flame  temperatures  and  a  less  effi¬ 
cient  reaction.  Higher  values  of  CO  concentrations  were  achieved  because  the 
rate  of  conversion  of  fuel  to  CO  was  slower  at  the  lower  equivalence  ratios  and  the 
CO-to-C02  reaction  was  delayed.  This  delay  resulted  in  relatively  large  con¬ 
centrations  of  CO  being  in  the  reaction  products  entering  the  dilution  zone  from  the 
primary.  Consequently,  the  jets  of  dilution  air  quenched  the  CO  before  it  could  be 
oxidized.  In  comparison,  Scheme  5-1 A  exhibited  a  relative  overall  decrease  in  CO 
concentrations  in  the  low-power  FA  range,  which  was  primarily  due  to  better  pre¬ 
paration  of  the  reactants  by  the  carburetion  tube  fuel  injectors. 
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Figure  117.  Comparison  of  Variations  in  CO  Con-  DF  96092 
centrntion  with  Fuel- Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  5-lA 
and  5-lB 

The  variation  in  NOx  concentration  with  FA  is  shown  in  figure  118  for  com¬ 
bustor  B,  Schemes  5-lA  and  5-lB.  Both  curves  are  simitar;  they  each  initially 
Increase  with  FA  and  then  decrease.  In  the  case  of  Scheme  5- IB,  NOx  concen¬ 
tration  increases  with  FA  to  a  value  of  0. 008,  reflecting  the  increase  in  re¬ 
action  temperature  with  FA;  and  then  decreases  above  an  FA  of  0.008,  re¬ 
flecting  the  nonincrease  in  temperature  beyond  this  value  of  FA,  for  the  reasons 
presented  in  the  preceding  discussion  on  CO  emissions.  The  curve  for  Scheme  5-1 A 
is  shifted  somewhat  to  the  right  of  that  for  5-lB.  This  is  attributed  to  PHIP  being 
lower  for  the  5-lA  arrangement.  NO*  concentration  levels  observed  for  Scheme  5-1 A 
were  lower  thsn  for  5- IB  because  of  the  increased  design-point  reference  velocity 
for  Scheme  5-1  A.  As  discussed  earlier,  increased  reference  velocity  results  In 


147 


a  decreased  residence  time.  The  lower  the  residence  time  in  the  primary  zone 
for  a  reacting  fuel-air  mixture,  the  lower  will  be  the  resulting  NOx  concentration. 
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Figure  118,  Comparison  of  Variations  in  NOx  Con-  DF  96083 
centration  with  Fuel-Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  5-1 A 
and  5-1B 

The  variation  in  combustion  efficiency  with  FA  for  combustor  Schemes  5- 1 A 
and  5- IB  are  shown  in  figure  119.  Higher  efficiencies  were  obtained  with 
Scheme  5-1 A  than  with  5- IB,  primarily  as  a  result  of  the  much  lower  concentra¬ 
tions  measured  at  the  low-power  condition.  Over  the  entire  FA  range  evaluated, 
EFFG A  obtained  for  Scheme  5- 1 A  was  greater  than  99%.  Close  agreement  was 
also  obtained  between  EFFGA  and  EFFMB  in  this  series. 

d,  Evaluation  of  Primary  Zone  Airflow  Distribution 

Although  the  carburetion  tubes  were  designed  to  admit  all  the  primary- zone 
air  required  for  complete  combustion  at  an  overall  FA  of  0. 008,  it  was  conjectured 
that  better  performance  could  be  obtained  (better  flame  stabilization,  lower  values 
of  LBO,  and  lower  emissions)  U  part  of  the  combustion  air  were  admitted  to  the 
combustor  through  primary  penetration  holes. 

A  series  of  tests  was  conducted,  therefore,  in  which  the  primary  stone  air¬ 
flow  distribution  (the  relative  proportions  of  carburetion  tube  and  penetration 
airflow)  was  systematically  varied.  The  defining  parameter  used  in  these  tests 
was  PXPAR,  the  premixing- to- penetration  airflow  rale  ratio,  in  the  basic  pre- 
mixing  combustor  arrangement  (Scheme  5-1  A)  described  In  the  previous  section, 
PXPAR  was  infinite;  all  primary-zone  combustion  air  was  introduced  into  the 
burner  through  the  carburetion  tubes  and  the  quantity  of  primary- zone  penetration 
airflow  supplied  was  zero.  In  the  current  test  scries,  additional  values  of  PXPAR 
(1.8,  1.0,  0.6)  were  investigated.  A  separate  combustor  configuration  with  ap¬ 
propriate  penetration  bole  and  carburetion  tube  deflector  areas  for  the  desired 


flowsplit  was  used  to  evaluate  each  value  of  PXPAR.  The  three  new  configurations 
were  designated  Schemes  5-2A,  5-3A,  and  5-4A.  Their  salient  features  are  pre¬ 
sented  schematically  in  figures  120  through  122.  Data  were  obtained  for  each 
scheme  at  several  values  of  FA  for  concentrations  in  the  low-power  range.  Com¬ 
parisons  of  the  emission  concentrations  and  the  combustor  operating  character¬ 
istics  at  these  values  of  PXPAR  and  FA  made  it  possible  to  determine,  within  the 
limitations  of  the  hardware,  the  best  split  between  carburetion  tube  and  primary 
penetration  airflows  to  achieve  the  greatest  reduction  possible. 


Figure  119.  Comparison  of  Variations  in  Combustion  DF  96094 
Efficiency  with  Fuel- Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  3~1A 
and  5-1R 
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The  test  results  obtained  revealed  that  emissions  concentrations,  LBO,  and 
general  performance  were  affected  by  variations  in  PXPAR.  In  particular,  adjust¬ 
ments  in  PXPAR  brought  about  a  redaction  in  CO  (by  a  factor  of  2)  with  respect  to 
the  very  low  levels  obtained  with  the  basic  premixing  configuration  (Scheme  5-1A), 
discussed  earlier.  Generally,  it  was  found  to  he  more  advantageous  to  inject  some 
of  the  primary-zone  airflow  through  penetration  holes  In  the  liner  than  to  supply  all 
of  the  air  through  the  carburetioa  tubes. 

The  variation  to  UHC  concentration  with  FA  is  shown  to  figure  123  for 
Schemes  5~IA,  S-2A,  5-3A,  and  5-4A:  these  schemes  represent  values  of 
PXPAR  of  «  ,  1.8,  1.0,  and  0.6,  respectively.  The  generally  low  UHC  con¬ 
centrations  observed  with  Scheme  5-1A  were  again  observed  with  the  three  new 
schemes;  UHC  concentrations  less  than  10  ppmv  were  obtained  with  each  at  values 
of  FA  greater  than  0.008.  These  levels  are  well  below  the  program  goal  of  10  ppmw 
(IS  ppmv).  At  values  of  FA  above  0.00?  there  was  no  significant  difference  to  con¬ 
centration  levels  for  the  four  schemes.  This  result  reflected  the  basic  importance 
of  premixing  fuel  and  air  to  promote  an  efficient  reaction.  %  comparison,  the 
influence  of  primary  airflow  distribution  appeared,  as  far  as  UHC  was  concerned, 
to  be  of  secondary  importance.  At  values  of  FA  less  than  0.007,  differences  can 
be  noted  to  the  rates  at  which  UHC  concentration  levels  increased  as  FA  was  de¬ 
creased  and  l. BO  was  approached.  These  differences  reflect  the  influence  of 
primary  airflow  distribution  f PXPAR)  on  IQ O,  which  to  discussed  later  to  this 
section. 


Figure  123.  Comparison  Of  VsT'miens  to  UHC  Can-  *>F 
centra  lino  with  P'-d-Atf  Ratio  for  Tests 
Conducted  w***  r-pdsastmr  S.;*'r&ei  5-to, 


The  variation  in  CO  concentration  with  FA  is  shown  in  figure  124.  All  four 
schemes  exhibited  very  low  concentrations  of  CO  neat'  an  FA  of  0, 006.  The 
bucket- shaped  concentration  -  FA  curve  obtained  with  Scheme  5-1 A  was  also  ob¬ 
tained  for  Schemes  5-2A,  5-3A,  and  5-4A.  However,  the  low  CO  concentration 
exhibited  by  Scheme  5-1A  was  improved  upon  by  two  of  the  three  new  combustor 
schemes,  in  inverse  proportion  to  PXPAR.  With  combustor  Scheme  5-1  A,  the 
value  of  PXPAR  was  ®  and  the  CO  concentration  was  58  ppmv;  with  Scheme  5-2A, 
PXPAR  was  1.8  and  the  concentration  of  CO  was  32  pprrm;  and  with  Scheme  5-3A, 
PXPAR  was  1. 0  and  the  CO  concentration  observed  was  28  ppmv.  With  Scheme  5-4A 
in  which  the  PXPAR  was  0.  6,  however,  the  CO  concentration  increased  to  51  ppmv. 
These  results  showed  that  PXPAR  had  a  decidedly  influential  effect  on  CO  concen¬ 
tration  levels  and  that  for  a  given  general  combustor  configuration  PXPAR  could 
be  optimized  to  reduce  CO  concentration. 


Figure  124.  Comparison  of  Variations  in  CO  Con-  DF  96096 
centration  with  Fuel-Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  5-1  A, 

5-2A,  5-3 A,  and  5-4A 

The  reason  suggested  for  the  trends  observed,  at  least  in  part,  is  that  the 
primary  penetration  air  in  Schemes  5-2A  and  5-3A  promoted  better  mixing,  and 
resulted  in  more  CO  being  converted  to  CO2  in  the  favorable  environment  in  which 
the  PHIP  was  0. 8,  In  poorer  mixing  environments  (such  as  in  Scheme  5-1A), 
more  CO  passed  from  the  primary  zone  unreacted  and  was  quenched  by  dilution 
air.  Although  the  shifting  of  combustion  air  from  the  carburetion  tubes  to  the 
primary  penetration  holes  made  less  air  available  for  premixing,  any  resultant 
deterioration  in  quality  of  fuel  preparation  that  might  have  occurred  was  out¬ 
weighed  by  the  benefits  of  better  primary-zone  mixing:  down  to  the  PXPAR  of 
0.6  (Scheme  5-4A). 

The  variation  in  NOx  concentration  with  FA  is  shown  in  figure  125.  The 
family  of  curves  for  the  four  schemes  is  confined  to  a  relatively  narrow  band. 
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At  values  of  FA  greater  than  0.008,  nearly  identical  results  were  obtained;  how¬ 
ever,  below  an  FA  of  0.008,  some  variation  was  experienced.  The  trend  shown 
simply  indicates  that  NOx  concentration  increased  as  peak  reaction  temperatures 
were  increased  by  increasing  FA.  Above  an  FA  of  0. 010  the  tendency  for  NOx 
concentration  to  increase  with  FA  for  Scheme  5-1A  decreases.  This  trend  is  due 
to  an  over-rT'h  condition  in  the  primary  zone.  At  values  of  FA  less  than  0. 008, 
Schemes  5-1 A  and  5-2 A  exhibited  somewhat  lower  NGX  concentration  levels  than 
the  other  two  schemes.  This  trend  may  be  a  result  of  more  thorough  premixing 
of  fuel  and  air.  In  Scheme  5-1  A,  all  combustion  air  was  admitted  into  the  primary 
zone  through  the  carburetion  tubes.  This  resulted  in  good  pre mixing  of  fuel  and  air, 
faster  reaction  rates,  and  short  residence  times  at  elevated  temperatures.  As 
a  result,  this  scheme  produced  the  lowest  NOx  concentration  levels.  In  Scheme  5-2A, 
which  utilized  a  modest  amount  of  primary  penetration  air,  the  NOx  concentration 
levels  produced  were  higher  than  those  in  Scheme  5-1A,  but  lower  than  those  in 
Schemes  5-3A  and  5-4A.  This  implies  that  an  intermediate  degree  of  premixing 
results  in  intermediate  concentration  levels  of  NC^.  It  thus  appears  that  NOx 
levels  in  the  low-power  range  are  directly  related  to  the  degree  of  premixing, 
ft  is  also  evident  that  with  the  premixing  concept  NOx  levels  were  reduced  below 
those  achieved  using  conventional  pres  sure- atomizing  fuel  injection.  This  may 
be  seen  by  comparing  the  levels  obtained  here  with  those  obtained  for  Scheme  5- IB 
in  which  4-gph  fuel  nozzles  were  used  (figure  118);  NOx  concentrations  observed 
with  the  pressure-atomizing  system  are  higher  by  5  to  20  ppmv. 
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Figure  125.  Comparison  of  Variations  in  NOx  Con-  DF  93097 
centration  with  Fuel-Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  5-1A, 

5-2A,  5-3A,  and  5-4A 

Combustion  efficiencies  obtained  using  Schemes  5-2A,  5-3A,  and  5-4A  were 
very  close  to  those  obtained  using  Scheme  5-1  A.  The  data  for  these  schemes  have 
not  been  presented  graphically  because  of  their  close  similarity  to  the  curves  pre¬ 
sented  for  Scheme  5-  1A  in  figure  119.  Instead,  values  for  both  EFFGA  and  EFFMB 
are  presented  in  tabular  form  in  Appendix  VI.  High  efficiencies  were  obtained 
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throughout,  in  keeping  with  the  low  levels  of  UHC  and  CO  concentrations  measured. 
Generally  close  agreement  between  values  of  EFFMB  and  EFFGA  was  also  obtained. 

In  the  initial  tests  of  the  premixing  concept  using  Scheme  5-  1A,  a  value  of 
LBO  was  measured  that  was  considerably  in  excess  of  that  obtained  with  the  pres¬ 
sure-atomizing  nozzles  using  Scheme  5-1B.  With  Schemes  5-2A,  5-3A,  and  5-4A, 
high  values  of  LBO  were  also  measured.  In  the  discussion  of  the  basic  premixing 
combustor,  presented  earlier,  an  LBO  of  0.0049  was  quoted  for  Scheme  5-1A. 

This  value  corresponded  to  the  point  at  which  the  energy  level  of  the  exothermic 
process  was  so  low  that  the  reaction  would  not  propagate  when  the  fuel  flow  was 
increased.  The  determination  of  this  point  is  difficult  and  subject  to  error.  For 
the  purpose  of  comparing  values  of  LBO  in  this  discussion,  an  alternative  defini¬ 
tion  was  chosen.  LBO  was  defined  as  the  point  at  which  the  concentration  of  UHC 
exceeded  10  ppmv  as  FA  was  decreased.  Although  this  point  does  not  truly  repre¬ 
sent  blowout,  it  does  identify  the  sharp  increase  in  emissions  that  appears  imme¬ 
diately  before  LBO  occurs.  With  reference  to  figure  123,  values  of  LBO  of  0.0058, 
0.0063,  0.0056,  and  0.0056,  according  to  the  aforementioned  definition  were  ob¬ 
tained  using  Schemes  5-1A,  5-2A,  5-3A,  and  5-4A,  respectively.  These  results 
indicate  that  for  all  but  one  of  the  schemes,  as  the  amount  of  carburetion  tube 
airflow  was  decreased  (PXPAR  decreased),  LBO  decreased  slightly.  The  excep¬ 
tion  was  Scheme  5-2A  (PXPAR  =  1.8),  in  which  the  highest  value  of  LBO  was 
measured.  The  decline  in  LBO  with  decreasing  PXPAR  appears  to  reflect  the 
inherently  narrow  flammability  limits  of  a  premixed  reaction.  These  limits  occur 
because  of  the  homogeneity  of  the  mixture,  which  eliminates  locally  rich  pockets 
of  fuel  and  air  that  can  sustain  the  combustion  process  at  very  low  values  of  FA. 

The  high  value  of  LBO  observed  with  Scheme  5-2A  is  not  readily  undersajod. 

During  accomplishment  of  the  tests  in  this  program,  visual  observations 
of  the  combustion  process  within  the  research  burners  were  periodically  made. 

As  shown  in  figure  50,  the  rig  case  and  traverse  ease  were  separated  by  a  finite 
distance.  By  standing  aft  of  the  rig  case  at  an  angle  approximately  30  deg  to  the 
axis  of  flow,  it  was  possible  to  see  within  the  burner  up  to  the  dome  and  injectors. 
Information  on  items  such  as  flame  structure,  flame-front  location,  and  quantity 
of  luminous  flame  were  obtained.  In  the  premixing  tests  the  quantity  of  luminous 
flame  observed  near  the  injectors  was  very  revealing.  In  general,  at  values  of 
FA  corresponding  to  a  low-power  design  point  (0.006  -  0.008),  a  predominatly 
blue  flame  was  observed.  At  greater  values  of  FA,  as  the  tubes  became  more 
heavily  loaded  with  fuel,  large  droplets  of  fuel  began  to  be  emitted  in  the  discharge 
flow  from  the  carburetion  tubes.  This  resulted  In  a  luminous  flame  indicative  of 
droplet  burning  and  elevated  emissions  levels.  In  tests  of  this  series,  the  amount 
of  luminous  flame  decreased  as  FA  was  decreased,  and  disappeared  entirely, 
leaving  only  blue  flame,  prior  to  LBO. 

PXPAR  also  had  an  influence  on  the  quantity  of  luminous  flame  present. 

At  an  FA  of  0. 008,  the  flame  within  combustor  Scheme  5-1A  (PXPAR  =  ®)  was 
approximately  10%  luminous;  with  Scheme  5-2A  (PXPAR  =  1.8),  zero;  with 
Scheme  5-3A  (PXPAR  ~  1.0),  5%;  and  with  Scheme  5-4A  (PXPAR  =  0.6),  50%. 

It  appeared  that  the  increased  degree  of  mixing  promoted  by  primary  penetration 
air  jets  in  Scheme  5-2A  helped  to  further  atomize  and  vaporize  the  small  quantity 
of  large  droplets  in  the  discharge  flow  of  the  carburetion  tubes  and,  as  a  result, 
served  tj  eliminate  the  luminous  flame.  In  the  other  three  schemes,  luminous 
flarne  was  encountered  either  because  of  the  absence  of  primary  penetration  air 
(in  Scheme  5-1  A)  or  because  of  excessive  amounts  of  penetration  air  (in  Schemes 
5-3A  or  5-4A)  that  resulted  in  less  carburetion  tube  air  available  for  premixing 
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fuel  and  air.  Thus,  if  the  quantify  of  luminous  flame  is  used  as  an  indicator  of 
premixing  and  mixing  effectiveness.  Scheme  5-2A  can  be  cited  as  the  best  con¬ 
figuration,  representing  a  well-balanced  combination  of  carburetion  tube  and  pri¬ 
mary  penetration  hole  airflows. 

e.  Evaluation  of  Fuel-Air  Premixing  in  Combination  with  Air  Staging 

Tests  conducted  using  combustor  B  up  to  this  point  in  the  program  were 
accomplished  at  values  of  FA  in  the  low-power  range.  These  tests  were  designed 
to  determine  the  basic  operating  characteristics  of  a  premixing-type  burner  and 
to  optimize  PXPAR  at  low-power  for  an  injector-burner  combination.  Improve¬ 
ments  hi  low-power  emission  concentrations  attainable  with  good  fuel  preparation, 
as  provided  by  carburetion  tubes,  were  ascertained. 

Emission-free  operation  over  the  FA  range  from  low'  to  high  power  requires 
that  the  proper  proportions  of  fuel  and  air  be  maintained  in  the  combustion  zone 
at  all  operating  conditions.  In  the  combustor  A  test  program  it  was  demonstrated 
that  FA  could  be  controlled  by  using  the  air-staging  concept.  The  method  of  air 
distribution  employed  involved  varying  primary  and  secondary  airflow  distributions 
simultaneously  in  order  to  conserve  the  overall  total  effective  hole  area  of  the 
burner  and  maintain  liner  total  pressure  loss  at  a  constant  value.  As  the  primary- 
air  hole  area  was  reduced  at  low  power,  for  example,  the  secondary-air  hole  area 
was  increased.  Consequently,  liner  pressure  drop  was  eliminated  as  a  variable 
in  the  air-staging  evaluation  tests. 

A  major  difficulty  in  implementing  the  type  of  air-staging  described  above 
is  in  devising  a  means  for  varying  both  primary  and  secondary  hole  areas  using 
practical  combustor  hardware.  The  problem  can  be  simplified,  however,  if  only 
the  primary-air  hole  area  were  varied,  allowing  liner  total  pressure  drop  to  vary 
within  allowable  limits.  This  approach  was  evaluated  in  the  test  series  described 
in  the  following  paragraphs.. 

A  variable  airflow  distribution  burner  was  simulated  using  two  fixed- 
geometry  configurations  of  combustor  B.  Scheme  5-5A,  described  in  figure  126, 
represented  the  low-power  configuration;  Scheme  5-7A,  described  in  figure  127, 
represented  the  full-power  configuration.  The  overall  operation  of  the  simulated 
combustor  was  evaluated  by  combining  the  results  of  the  tests  conducted  using  the 
two  burner  schemes.  During  high-power  combustor  operation,  simulated  by  using 
Scheme  5-7 A,  the  primary-air  penetration  holes  were  fully  open,  admitting  the 
amount  of  air  required  to  achieve  complete  combustion  at  a  design-point  FA  of 
0.  022.  The  liner  total  pressure  drop  at  this  value  of  FA  was  3.  5%.  Now,  as  FA 
was  decreased,  the  primary-air  penetration  hole  area  was  decreased  to  maintain 
a  constant  value  of  P1IIP.  Accordingly,  burner  pressure  drop  increased  because 
the  secondary-air  hole  area  was  not  opened  to  compensate  for  the  decrease  in 
primary  zone  air  hole  area.  At  a  low-power  FA  of  0.  008,  using  combustor  Scheme 
5-7A,  the  primary-air  penetration  holes  were  completely  closed;  all  of  the  air 
required  for  combustion  was  admitted  into  the  burner  through  the  carburetion  tubes. 
Liner  total  pressure  drop  for  Scheme  5-7A  at  this  FA  had  increased  to  approx¬ 
imately  1%. 
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Figure  127.  Summary  Sheet  for  Combustor  B 
Scheme  5-7A 
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Although  it  was  expected  that  this  simulation  of  a  variable  airflow  distribution 
combustor  would  produce  lower  emissions  at  idle  (because  of  the  increased  liner 
total  pressure  drop),  and  generally  good  performance  at  full  power  (because  of 
premixed  fuel  injection),  the  test  results  were  generally  disappointing  in  both 
respects.  At  low  power,  simulated  by  using  Scheme  5-5A,  LBO  increased 
significantly  to  the  highest  value  observed  to  date  in  the  experimental  program: 

0. 007.  At  high  power,  simulated  by  using  Scheme  5-7A,  extremely  high  con¬ 
centrations  of  UHC  and  CO  were  obtained;  the  values  were  higher  than  those 
observed  in  the  tests  of  the  baseline  combustor  A  Scheme  1-1B,  which  also  had 
a  design-point  of  0.022,  but  which  also  used  pressure-atomizing  fuel  nozzles. 

The  variation  in  UHC  concentration  with  FA  is  presented  in  figure  128 
for  Schemes  5-5A  and  5-7A.  Scheme  5-5A  displayed  very  low  UHC  levels  at 
values  of  FA  greater  than  0.008.  These  compared  to  the  levels  obtained  in 
previous  tests  using  combustor  B.  Below  an  FA  of  0.008,  UHC  concentration 
levels  increased  sharply  because  of  the  very  high  LBO.  Scheme  5-7A  exhibited 
very  high  concentrations  of  UHC  at  full-power  values  of  FA.  These  levels  are 
believed  to  be  the  result  of  poor  fuel  preparation  at  high  values  of  FA;  the  fuel 
flows  were  extremely  high,  the  airflows  were  extremely  low,  and  premixing  of 
the  two  was  poor.  Consequently,  the  distribution  of  the  fuel  and  air  discharging 
from  the  carburetion  tubes  into  the  primary  zone  of  the  combustor  was  inadequate. 

The  variation  in  CO  concentration  with  FA  is  shown  in  figure  129.  Included 
with  the  data  for  Schemes  5-5A  and  5-7A  are  the  data  for  Scheme  5-3A  (also 
shown  in  figure  124),  in  which  test  series  the  lowest  concentrations  of  CO  were 
observed,  prior  to  the  series  of  Schemes  5-5A  and  5-7A.  In  the  FA  range 
between  0. 008  and  0. 010  Scheme  5-5A  produced  even  lower  concentrations  of 
CO  than  Scheme  5-3A.  These  lower  values  of  CO  concentration  observed  with 
Scheme  5-5A  are  believed  to  be  the  result  of  the  increased  liner  total  pressure 
loss. 


PVtUM*  RATIO 


Figure  128.  Variation  in  UHC  Concentration  with  DF  96098 
Fuel -Air  Ratio  for  Tests  Conducted 
with  Combustor  Schemes  5-5A  and  5-7A 
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Figure  129.  Variation  in  CO  Concentration  with  DF  96099 

Fuel- Air  Ratio  for  Tests  Conducted 
with  Combustor  Schemes  5-3A,  5-5A, 
and  5-7  A 

The  very  high  CO  concentrations  obtained  with  Scheme  5-7A  are  believed 
to  reflect  overloading  of  the  carburetion  tubes  with  fuel  at  high  values  of  FA, 
as  discussed  earlier,  and  quenching  of  reaction  products  by  primary  penetration 
air  at  intermediate  values  of  FA. 

The  variation  in  NO*  concentrations  with  FA  is  presented  in  figure  130 
for  Scheme  5-5A  only.  Data  for  NO  concentrations  were  not  obtained  with 
Scheme  5-7  A  because  of  an  instrumentation  malfunction;  consequently,  no  data 
for  NOx  with  Scheme  5-7A  are  presented.  In  the  curve  for  Scheme  5-5A,  the 
NOx  concentration  observed  at  an  FA  of  0. 0084  (28  ppmv)  was  the  lowest  value 
obtained  at  that  fuel- air  ratio  In  the  full-traverse  tests  accomplished  using  com¬ 
bustor  B.  However,  a  very  high  concentration  of  NOx  (55  ppmv)  was  observed 
with  the  same  combustor  configuration  at  an  FA  of  0. 0105.  The  sharp  increase 
in  concentrations  between  these  two  values  of  FA  is  believed  to  reflect  the  sharp 
increase  in  reaction  temperatures  as  FA  was  increased  from  0.008  to  0.010 
(PHIP  increased  from  approximately  0. 8  to  1.0),  The  slope  of  the  curve  is 
steeper  than  that  obtained  for  Scheme  5-1A  (in  wliich  all  combustion  air  entered 
through  the  carburetion  tubes,  as  it  did  in  Scheme  5- 5 A)  because  of  the  differences 
in  liner  total  pressure  drop.  The  7%  pressure  drop  in  Scheme  5-5A  promoted 
better  mixing  and  fuller  realization  of  the  maximum  reaction  temperatures  at  a 
given  value  of  FA,  than  the  3.5%  value  in  Scheme  5-1A. 

The  variation  in  combustion  efficiency  with  FA  is  presented  in  figure  131. 
The  high  levels  obtained  with  Scheme  5-5A  reflect  the  very  low  concentrations  of 
UHC  and  CO  measured  at  values  of  FA  above  LBO.  In  Scheme  5-7A,  relatively 
high  levels  w  ere  obtained  in  the  intermediate  and  full-power  ranges.  The  dif¬ 
ferences  between  EFFMB  and  EFFGA  observed  in  the  test  series  of  SchemeR  5-5A 
and  5-7A  are  attributed  to  the  same  causes  discussed  earlier  for  series  exhibiting 
similar  trends.  No  explanation  is  readily  apparent  for  the  values  of  EFFMB  above 


Figure  130.  Variation  in  NOx  Concertration  with 
Fuel-Air  Ratio  for  Tests  Conducted 
with  Combustor  Schemes  5-5A 
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Figure  131.  Variation  In  Combustion  Kfficieney 
with  Fuel-Air  Ratio  for  Tests  Con¬ 
ducted  with  Combustor  Schemes  5-5A 
and  5-7 A 
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Tests  conducted  of  the  air  staging  concept  with  combustor  B  have  indicated 
that  several  features  of  the  simulated  variable-airflow-distribution  burner  must 
be  changed.  First,  the  restriction  of  not  varying  carburetion  tube  airflow  must 
be  lifted  to  prevent  overloading  of  the  tubes  at  high  fuel  flowrates.  Second,  the 
flameholding  capability  of  the  carburetion  tubes  must  be  improved  to  lower  the 
lean  blowout  limit  at  high  values  of  liner  pressure  drop.  Third,  the  primary 
penetration  air  must  be  introduced  more  gradually  to  ease  the  quenching  of  CO. 

If  these  changes  are  accomplished,  the  concept  of  air  staging  investigated  in 
these  tests  shows  great  promise  for  producing  low  emissions  over  the  entire 
FA  range  from  idle  to  full  power. 

f.  Evaluation  of  Circumferential  Fuel  Staging  with  Crnbustor  B 

With  combustor  A,  it  was  determined  that  simply  staging  the  fuel  flow  to 
the  primary-zone  pressure  atomizing  fuel  nozzles  in  a  conventional  annular 
combustor  did  not  yield  significant  reductions  in  low-power  emission  concentrations. 
The  two  types  of  circumferential  staging  evaluated,  alternate  and  sequential,  were 
found  to  be  severely  limited  because  of  interactions  between  adjacent  regions  of 
reacting  and  nonreacting  flow  in  the  combustor,  as  discussed  earlier.  It  was 
concluded  that  unless  both  the  fuel  and  air  were  staged  in  the  primary  zone,  cir¬ 
cumferential  staging  holds  little  promise  as  a  method  for  reducing  low-power 
emissions. 

Despite  the  poor  results  obtained  with  circumferential  fuel  staging  using 
combustor  A,  it  was  conjectured  that  better  results  might  be  obtained  if  ear- 
curetion  tube  fuel  injectors  were  used.  The  premixed  fuel-air  emanating  from 
the  carburetion  tubes  might  react  nearly  to  completion  before  appreciable  inter¬ 
ference  occurred  from  adjacent  streams  of  cold  air.  Accordingly,  a  brief  series 
of  tests  was  conducted  using  Scheme  5-7  A,  described  in  the  preceding  section, 
to  evaluate  both  the  sequential  and  alternate  modes  of  the  circumferential  fuel¬ 
staging  concept.  As  in  the  tests  conducted  using  combustor  A  Scheme  1-1B, 
fuel  flow  to  seven  of  the  14  carburetion  tubes  was  stopped;  but  the  airflow  was 
not  blocked  in  the  fuel-inoperative  tubes. 

Results  obtained  using  combustor  B  were  not  significantly  different  from 
those  obtained  using  combustor  A  with  pressure-atomizing  fuel  nozzles.  No 
significant  reductions  in  UHC  or  CO  concentrations  were  obtained  with  either 
mode  of  fuel  staging  with  combustor  B. 

The  variation  in  UHC  concentration  with  FA  is  shown  in  figure  132  for  both 
alternate  and  sequential  circumferential  staging.  Included  tor  references  arc  data 
for  Scheme  5-7A  in  the  unstaged  mode.  The  concentration  levels  obtained  with 
the  sequential  staging  arrangement  are  higher  than  those  obtained  using  the  unstaged 
configuration.  In  the  FA  range  evaluated,  a  given  UHC  concentration  was  achieved 
with  the  scouentlal-staged  burner  at  half  the  FA  at  which  this  concentration  was 
achieved  with  the  nonstaged  configuration.  This  is  unusual  because  even  though 
only  half  the  combustor  is  operating  at  twice  the  overall  FA  with  the  staged  burner, 
the  overall  average  UHC  concentration  observed  corresponded  to  the  entire  com¬ 
bustor  operating  at  twice  the  overall  FA.  The  reason  for  this  losult  may  be  seen 
by  referring  to  figure  133,  where  the  variation  in  UHC  concentrations  with 
circumferential  location  at  an  FA  of  0.008  are  presented.  In  the  curve  describing 
the  sequential  staging  data  it  is  noted  that  a  sharp  peak  in  UHC  concentration 
occurs  just  within  the  nonoperating  half  of  the  burner.  The  concentration  peak  ob¬ 
served  indicated  that  a  strong  interaction  occurred  between  the  two  halves  of  the 


160 


burner.  It  is  conjectured  that  part  of  the  reacting  mixture  near  the  interface  of 
the  two  halves  moved  into  the  nonoperating  side  of  the  burner  where  a  sharp  de¬ 
crease  in  equivalence  ratio  and  temperature  occurred.  Locally  high  levels  of  UHC 
concentration  resulted,  which  accounted  for  the  aforementioned  peak.  The  UHC 
concentration  levels  obtained  for  the  alternate  circumferential  staging  con¬ 
figuration  are  much  higher  than  those  obtained  in  the  unstaged  case,  as  shown 
in  figure  132.  It  is  suggested  that  the  interaction  described  for  the  sequential 
staging  system  was  responsible  for  the  high  UHC  concentrations  observed  with 
the  alternate  system  as  well.  In  figure  133,  it  may  be  seen  that  concentration 
peaks  in  the  alternate  staging  data  curve  tend  to  occur  at  nonoperating  nozzle 
locations.  This  is  ascribed  to  interactions  between  adjacent  regions  of  reacting 
and  nonreacting  flow,  in  which  reactants  were  cooled  and  diluted  by  their  contact 
with  the  surrounding  cold  air;  consequently,  high  local  concentrations  of  UHC 
were  formed. 

The  variation  in  CO  concentration  with  FA  is  presented  in  figure  134.  The 
curve  describing  the  sequential  staging  data  is  virtually  an  extension  of  the 
unstaged  curve.  The  CO  concentration  levels  obtained  with  sequential  staging  at 
a  given  value  of  FA  were  approximately  half  those  obtained  in  the  unstaged  tests 
at  twice  the  value  of  FA.  As  discussed  earlier  in  the  section  on  circumferential 
fuel  staging  using  combustor  A,  this  result  implies  that  the  two  halves  of  the 
burner  function  essentially  independently,  with  the  overall  average  exit  con¬ 
centration  being  the  average  of  zero  (the  concentration  corresponding  to  an  FA 
of  zero),  and  the  value  corresponding  to  twice  the  overall  FA  in  the  unstaged  tests. 
Verification  of  this  is  shown  in  the  curve  describing  the  sequential  staging  data, 
figure  135,  wherein  there  appeared  to  be  a  clear  separation  in  concentration 
levels  between  the  operating  and  nonoperating  halves  of  the  burner.  The  curve 
describing  the  data  obtained  for  the  alternate  staging  arrangement,  in  figure  134 
shows  that  CO  concentrations  were  higher  than  those  for  sequential  staging,  and 
higher  than  those  projected  for  the  unstaged  combustor  in  the  low-power  range. 

The  reason  suggested  for  this  trend  can  be  seen  by  referring  to  figure  135,  where 
the  curve  describing  the  data  for  the  alternate  staging  arrangement  shows  very 
high  concentrations  of  CO  in  line  with  both  operating  and  nonoperating  carburetion 
tubes.  CO  produced  in  the  reacting  regions  of  flow  appeared  to  diffuse  readily 
into  the  nonoperating  regions,  with  the  result  that  appreciable  ouonching  occurred 
in  both  regions,  and  that  the  overall  average  exit  concentrations  were  high. 

Data  for  NO  concentrations  were  not  obtained  in  the  circumferential  staging 
tests  using  Scheme  5-7A  because  of  an  Instrumentation  malfunction.  Consequently, 
information  relating  to  the  variation  in  NO*  concentration  with  FA  was  not 
determined. 

The  variation  in  combustion  efficiency  with  FA  is  shown  in  figure  136, 

The  levels  obtained  during  both  sequential  and  alternate  staging  tests  reflect 
the  UHC  and  CO  concentrations  levels  discussed  earlier  in  this  section.  In 
the  case  of  alternate  staging,  good  agreement  was  obtained  between  EFFMB 
and  KFFGA.  In  the  case  of  sequential  staging,  however,  the  values  of  EFFMB 
were  above  100^'.  These  efficiency  levels  might  be  the  result  of  the  method 
used  to  determine  EFFMB.  [n  calculating  EFFMB  in  this  test  program  an 
area-weighted  technique  was  used.  Generally,  the  area-weighted  average  is 
very  nearly  equal  to  the  mass-weighted  average.  However,  in  situations  wherein 
strong  temperature  and  mass  differences  occur  over  large  distinct  areas  of  the 
exit  flow  field,  area  weighting  the  average  exit  temperature  could  yield  results 
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different  from  mass  weighting.  This  point  was  not  pursued  further  because  of 
the  generally  poor  emission  concentration  levels  obtained  with  the  circumferential 
fuel  staging  concepts. 


Figure  132.  Variation  in  LHC  Concentration  with  OF  96102 
Fuel-Air  Ratio  for  the  Circumferential 
Fuel-Staging  Tests  Conducted  with  Com¬ 
bustor  Scheme  5-7 A 
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Figure  133.  Variation  in  I'HC  Concentration  with  Cir-  OF  96103 
cumfcrcntial  L.  >cation  for  the  Circum¬ 
ferential  Fuel-Staging  Teats  Conducted 
ith  Combustor  Scheme  5-7  A  at  a 
Nominal  Fuel- Air  Ratio  of  0.008  (Fuel 
Nozzle  Status  and  Location  Shown) 
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Figure  134.  Variation  in  CO  Concentration  with 

Fuel- Air  Ratio  for  the  Circumferential 
Fuel-Staging  Tests  Conducted  with  Com¬ 
bustor  Scheme  5-7 A 
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I'ig»:re  135.  Variation  in  CO  Concentration  with  Cir-  DF  96105 
cumfercntial  Location  for  the  Circum¬ 
ferential  Fuel-vStagihg  Tests  Conducted 
with  Combustor  Scheme  5-7A  at  a 
Nominal  Fuel-Air  Ratio  of  0.006  (Fuel 
Nozzle  Status  and  Location  Shown) 
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Figure  136.  Variation  in  Combustion  Efficiency  with  OF  96106 
Fuel- Air  Ratio  for  the  Circumferential 
Fuel-Staging  Tests  Conducted  with  Com¬ 
bustor  Scheme  5-7 A 

g.  Evaluation  of  Oarburction  Tubes  with  a  Fixed-Geometry  Combustor 

Although  some  form  of  air  or  fuel  staging  Hill  probably  be  necessary  to 
achieve  low  concentrations  of  objectionable  exhaust  emissions  over  a  wide  range 
of  fuel-air  ratios,  a  significant  reduction  might  be  achieved  if  the  premising 
concept  were  used  in  combination  with  a  fixed-geometry  combustor  that  had  a 
conventional,  full-power  FA  design  point.  The  final  test  series  of  Phase  II  was 
conducted  using  a  modification  of  combustor  II  to  evaluate  the  potential  of  such 
a  configuration. 

Combustor  B  Scheme  S-7A  had  been  designed  previously  for  full-power 
operation.  In  the  air-staging  tesu,  this  configuration  was  operated  over  the 
FA  range  from  0.008  to  0.022.  However,  as  discussed  earlier,  high  con¬ 
centrations  of  VHC  and  CO  were  produced  at  intermediate  and  full-power  values 
of  FA.  Two  features  of  this  scheme  contributed  largely  to  the  high  concentrations. 
First,  the  small  carburet  ion- tube  discharge  area  that  was  required  to  simulate 
air-staging  restricted  the  airflow  and  caused  poor  fuel  atomisation  at  high  fuel 
flowrates.  Second,  the  rather  large  primary-air  penetration  holes  quenched  the 
CO  oxidation  reaction  and  caused  high  concentrations  of  CO  in  the  combustor 
exhaust  gas.  In  this  final  series  of  tests,  the  features  contributing  to  poor 
performance  in  Scheme  5-7A  were  corrected;  the  carburetion-tube  discharge 
area  was  increased,  and  the  large  primary-air  penetration  holes  used  in  Scheme 
•S-7  A  were  replaced  by  a  combination  of  smaller  holes  in  the  primary  ami  inter¬ 
mediate  zones.  The  resultant  configuration,  designated  Scheme  5-aA,  is 
described  in  figure  137. 
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figure  137.  .Summary  Sheet  for  Combustor  n  Ft)  72111 

Scheme  a- 8 A 


tn  the  design  of  Scheme  S-&A,  use  was  made  of  information  generated  in 
previous  tests  of  the  experimental  program,  first,  results  of  the  primary- *uno 
airflow  distribution  tests  indicated  that  Scheme  5~2A  was  the  best  overall  con¬ 
figuration  at  low  power.  The  primary- soar  con  Oku  rati  on  from  this  scheme  was 
incorporated  into  Scheme  3-&A.  Next,  in  several  scries  of  tests,  the  combustion 
process  was  viewed  and  it  was  observed  that  the  reaction  ?^-tr  at  high  combustor 
loadings  elongated  and  extended  to  the  plane  of  the  downstream  dilution  holes  at 
high  values  of  FA,  tlasod  on  this,  an  elongated  primary  rone  wa*»  defined  for 
.Scheme  5-fiA  that  included  both  the  primary  and  intermediate  penetration  h  des, 
it  was  anticipated  that  during  low-power  operation,  the  reaction  would  be  confined 
to  the  vicinity  of  the  carbu ret inn- tube  and  primary  penetration  air  injection  sites, 
and  that  the  intermediate  holes  would  provide  gradual  dilution  of  the  products  of 
combustion.  At  full-power  operation,  combustor  leading  would  be  very  high  and 
the  reaction  sene  would  Have  elongated  to  include  the  intermediate  holes  as  a 
source  of  combustion  air.  Thus,  a  fixed  combustor  geometry  was  provided  that 
appeared  to  be  capable  of  satisfying  ro.*ny  of  the  requirements  for  providing  low 
emissions  concentrations  over  the  entire  FA  range  from  idle  to  full  power. 


Scheme  5- 8A  w'as  operated  over  the  FA  range  from  U. 007. 6  to  0.0241. 

Very  good  test  results  were  obtained,  with  significant  improvements  achieved 
in  C‘f)  and  concent  rations ,  combustion  efficiency’,  ami  visual  flame  .quality 

over  the  entire  FA  range  tested.  The  sleep  rise  in  CO  encountered  in  previous 
oarbu rcUon  tube  schemes  «n  the  high  FA  side  of  {lie  CO  concentration  -=  FA  curve 
w*as  flattened.  VliC*  concentration  levels  were  <<-**  than  the  program  goal  of 
10  ppmw  over  the  entire  rsnge  tested.  Values  of  combustion  efficiency  were 
above  ->T  over  the  entire  range.  Visual  flame  quality  was  the  best  obtained 
in  the  entire  experimental  program,  ranging  from  a  completely  blur  flame  at 
idle  to  a  predominantly  transparent  hot  gas  at  intcrme<Uate  and  full  powrer.  These 
impr<n<<n,rnls  were  obtained  at  the  expense  of  an  Increase  in  l.ltO  to  <n  FA  of 
n.oor,3. 
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The  variation  in  UHC  concentration  with  FA  is  shown  in  figure  138.  Very 
low  concentrations  were  obtained,  with  the  maximum  level  of  12  ppmv  observed 
an  FA  of  0.0241.  These  results  surpassed  the  program  goal  of  10  ppmw  (18  ppmv) 
UHC  at  low  power.  The  curve  describing  the  data  passes  through  a  minimum 
point  of  6  ppmv  at  an  FA  of  0. 0072.  The  gradual  slope  between  that  point  and 
the  maximum  point  at  an  FA  of  0. 0241  has  been  attributed  to  a  slight  deterioration 
in  the  quality  of  fuel  preparation  as  the  carburetion  tubes  became  more  heavily 
loaded  with  fuel. 
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Figure  138.  Comparison  of  Variations  in  UHC  Con-  DF  96107 
centration  with  Fuel- Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  5-8A 
and  1-1B 


The  variation  in  CO  concentration  with  FA  is  shown  in  figure  139.  A 
minimum  concentration  of  69  ppmv  was  measured  at  an  FA  of  0.0072.  From 
that  point,  CO  levels  increased  gradually  to  a  maximum  of  725  ppmv  at  an  FA 
of  0.0241.  At  values  of  FA  greater  than  0.007,  the  concentrations  measured 
were  lower  than  those  obtained  in  any  other  tests  with  combustor  A  or  with 
combustc  r  B.  These  results  reflect  the  successful  combination  of  the  primary- 
zone  airflow  distribution  used  in  Scheme  5-2A  (which  produced  very  low  CO 
concentrations  at  low  power),  and  the  gradual  introduction  of  air  in  the  inter¬ 
mediate  zone  in  the  amount  required  for  complete  combustion  at  full  power, 
without  excessive  quenching  of  CO  at  low  power.  Although  further  reductions 
will  be  required  to  achieve  the  program  goal  of  10  ppmw  CO  at.  idle,  the  results 
obtained  in  Scheme  5-8A  represent  a  substantial  improvement  with  respect  to 
previous  results  and  provide  a  strong  endorsement  for  the  methods  employed. 

It  is  suggested  that  the  desired  reductions  can  bo  effected  by  further  tailoring 
the  hole  pattern  for  the  gradual  addition  of  intermediate- zone  air,  and  by 
providing  better  premixing  through  refinements  in  carburetion  tube  design. 
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Figure  139.  Comparison  of  Variations  in  CO  Con-  DF  96108 
centration  with  Fuel-Air  Patio  for  Tests 
Conducted  with  Combustor  Schemes  5-8A 
and  1-1B 

The  variation  in  NO*  concentration  with  FA  is  shown  in  figure  140.  Included 
for  reference  is  the  curve  describing  the  data  for  the  baseline  combustor  A  con¬ 
figuration  with  4  gph  fuel  nozzles.  The  curve  for  Scheme  5-8A  is  higher  than  the 
one  describing  the  baseline  scheme.  It  is  suggested  that  this  result  is  due  to 
the  better  fuel  preparation  achieved  in  Scheme  5-8A,  which  produces  a  more 
Intense  reaction  with  higher  peak  temperatures. 
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Figure  140,  Comparison  of  Variations  in  NO*  Con-  DF  96109 
centration  with  Fuel- Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  5-8A 
and  1-1 B 
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The  variation  in  combustion  efficiency  with  FA  is  presented  in  figure  141. 
The  curve  for  Scheme  5-8A  represents  fulfillment  of  one  of  the  original  program 
goals:  an  entirely  flat  efficiency  curve  at  near- 100%  levels  over  the  entire  FA 
range  from  idle  to  full  power.  The  values  for  both  EFFMB  and  EFFGA  are  in 
close  agreement  and,  except  for  one  point,  are  above  99. 5%  over  the  entire  range. 


Figure  141.  Comparison  of  Variations  in  Combustion  DF  96110 
Efficiency  with  Fuel-Air  Ratio  for  Tests 
Conducted  with  Combustor  Schemes  5-8A 
and  1-1B 

In  general,  very  good  performance  was  obtained  using  the  carburetion-tube 
fuel  injectors  in  a  fixed  geometry  combustor  designed  for  operation  at  full  power. 
By  utilizing  the  concept  of  an  extended  primary  zone  with  the  gradual  addition  of 
combustion  air,  reduced  emissions  were  obtained  over  the  entire  FA  range  from 
idle  to  full  power.  The  approach  taken  in  these  tests  shows  great  promise  and 
confirms  the  possibility  of  an  ultimate  solution  to  the  general  emissions  problem 
that  avoids  the  use  of  variable  geometry  hardware. 

h.  Evaluation  of  Airflow  Blockage  Effects 

In  the  Phase  II  experimental  program,  an  effort  was  made  to  exclude  com¬ 
bustor  inlet  airflow  and  pressure  variations  as  additional  variables  to  consider 
in  evaluating  design  concepts  for  reducing  undesirable  exhaust  emission  con¬ 
centrations  during  low-power  operation.  Consequently,  a  large  plenum  chamber 
was  installed  upstream  of  the  burner  and  the  burner  itself  was  contained  within 
a  large-volume  case  to  diffuse  the  supply  air  to  low  velocities  and  simulate 
static-fed  operation.  The  external  aerodynamics  of  the  experimental  arrangement 
were,  therefore,  completely  repeatable  from  test  to  test. 
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However,  in  the  initial  five  tests  conducted  with  combustor  B,  Scheme  5-1A, 
locally  nonuniform  airflow  was  inadvertently  produced  by  a  blockage  within  the 
rig  plenum.  A  thermocouple  junction  box  used  in  the  flashback  monitoring  system 
for  the  premixing  tubes  had  been  mounted  in  close  proximity  to  the  combustor, 
as  shown  in  figure  142,  obstructing  the  airflow  into  one  of  the  premixing  tubes. 
This  arrangement  caused  the  primary  zone  in  the  vicinity  of  the  obstructed  tube 
to  be  fuel  rich,  which  resulted  in  locally  high  concentration  levels  of  UHC  and 
CO. 

The  data  obtained  with  this  arrangment  are  presented  in  the  following 
paragraphs  to  illustrate  the  effects  of  a  nonuniform  inlet  airflow  on  exhaust 
emission  concentrations.  In  figure  143  the  variations  in  UHC  and  CO  con¬ 
centrations  with  circumferential  location  are  presented.  Both  curves  exhibit 
a  peak  in  the  vicinity  of  the  obstructed  premixing  tube.  In  addition,  the  high 
concentration  levels  diffuse  into  adjacent  regions  of  the  annulus  with  some  of 
the  high  concentration  influence  still  evident,  in  the  case  of  CO,  as  far  away 
as  90  deg. 

In  subsequent  tests,  the  thermocouple  junction  box  was  removed  from  its 
initial  location  and  was  mounted  at  the  rear  of  the  rig  plenum  where  no  inter¬ 
ference  with  the  combustor  inlet  airflow  pattern  could  occur.  The  circumferential 
profiles  of  UHC  and  CO  obtained  with  this  revised  arrangement  were  uniform, 
with  no  concentration  peaks  present  of  the  magnitudes  previously  observed. 

These  profiles  are  shown  in  figure  144. 

The  locally  high  concentration  levels  that  had  been  produced  in  the  tests 
with  the  obstructed  premixing  tube  resulted  in  significant  increases  in  the  overall 
average  exit  concentrations  of  UHC  and  CO.  In  figures  145  and  146,  the  variations 
in  UHC  and  CO  concentrations  with  fuel-air  ratios  are  presented  in  testB  with 
blockage  and  in  tests  without  blockage.  At  an  FA  of  0.006,  UHC  concentration 
levels  were  in  excess  of  100  ppmv  higher  in  the  case  with  blockage;  CO  con¬ 
centration  levels  were  150  ppmv  higher. 

The  variation  in  NO*  concentration  with  FA  is  presented  in  figure  147.  Con¬ 
centration  levels  for  the  blocked  and  unblocked  cases  were  comparable  In  the  FA 
range  from  0.005  to  0,006,  but  diverged  at  higher  values  of  FA  with  lower  levels 
being  obtained  in  the  tests  with  blockage.  This  result  is  charged  to  the  slightly 
lower  average  reaction  temperatures  encountered  in  the  tests  with  blockage. 

The  results  obtained  in  these  tests  emphasize  the  need  for  developing 
methods  for  eliminating  or  counteracting  the  effects  of  inlet  airflow  distortion 
in  future  applications  of  low-emission  combustors. 

i.  pH  Measurements 

For  each  full-traverse  test  conducted,  the  pH  level  of  the  combustor 
exhaust  gas  was  determined.  A  portion  of  the  gas  that  was  abstracted  for 
analysis  from  the  exhaust  stream  at  the  exit  plane  of  the  combustor  was  con¬ 
densed,  removed  from  the  condenser,  and  examined.  Initially,  pH  paper, 
accurate  to  0. 1-pH  unit,  was  used  for  analyses;  later  a  Beckman  Model  SS-1 
pH  meter  was  added  to  the  instrumentation  system  and  used.  Good  agreement 
between  the  two  methods  was  obtained  when  they  were  used  to  scrutinize  a 
common  sample. 
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Figure  142.  Combustor  Rig  Case  Showing  Blockage  PD  72112 
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Figure  143.  Variation  in  UHC  and  CO  Concentrations 
with  Circumferential  Location  for  Tests 
with  Blockage 


Figure  144.  Variation  in  UwC  and  CO  Concentrations 
with  Circumferential  Location  for  Tests 
with  No  Blockage 
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Figure  145.  Comparison  of  Variations  in  UHC  Con-  DF  96113 
centration  with  Fuel-Air  Ratio  for  Tests 
with  Blockage  and  No  Blockage 
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Figure  146.  Comparison  of  Variations  in  CO  Con-  DF  96114 
centration  with  Fuel- Air  Ratio  for  Tests 
with  Blockage  and  No  Blockage 
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Figure  147.  Compariaoo  of  Variations  in  NO*  DF  96115 

Concentration  with  Fuel-Air  Ratio 
for  Tests  with  Blockage  and  No 
Blockage 

The  condensation  and  collection  systems  included  a  tightly  coiled,  10— ft  , 

section  of  l/4-in.  00  stainless  steel  tubing  and  a  small  stainless  steel  bulb. 

The  bulb  w«s  affixed  to  the  tubing  and  served  as  a  liquid  collector.  The  tubing 
and  bulb  were  located  in  a  stainless  steel  container  that,  when  filled  with  a 
luixfcure  of  water  and  ice,  functioned  as  a  batch  condenser. 

After  each  full-traverse  test,  the  flow  of  exhaust  gas  into  the  condenser 
was  halted,  and  the  exhaust  condensate  was  transferred  from  the  condensation 
system,  using  gaseous  nitrogen  under  pressure,  into  a  polypropylene  container 
for  examination.  The  condensation  system  was  then  purged  free  of  moisture 
using  gaseous  nitrogen  until  operating  conditions  for  the  next  full-traverse  test 
point  were  achieved.  The  condensate  drain  Une  was  then  closed;  exhaust  gas 
was  allowed  to  enter  the  condenser;  and  liquefaction  of  the  sample  gas  was 
again  begun. 

The  basic  system  and  procedure  just  described  were  Incorporated  into  the 
experimental  program  prior  to  commencing  the  Scheme  1-1B  test  series.  The 
system  and  procedure  used  in  the  Scheme  1-LA  series  was  found  to  be  unsatis¬ 
factory  with  respect  to  system  cooling  effectiveness  and  sample  residence  time 
tn  the  condenser.  This  change  in  the  mottos  operand!  for  obtaining  exhaust  gas 
condensate  is  considered  to  be  the  principal  reason  for  the  difference  in  pH  level 
obtained  !n  the  seven  tests  of  Scheme  1-LA  and  that  obtained  in  toe  remaining 
testa  of  all  other  combustor  schemes  evaluated  under  Phase  II. 

The  pH  data  obtained  for  all  toll-traverse  testa  conducted  under  Phase  II 
are  shown  in  Appendix  IV  and  figure  148.  Excluding  the  1-LA  teat  series,  pH 
levels  for  teats  conducted  with  combustors  A  and  B  ranged  from  2. 5  to  4. 2 
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over  a  range  of  fuel-air  ratios  from  0. 0038  through  0. 0241.  The  only  con- 
culsions  apparent  are  that  the  exhaust  emissions  were  definitely  acidic  and 
that  the  acidity  increased  slightly  as  the  overall  fuel-air  ratio  was  increased 
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Figure  148.  Variation  in  pH  with  FA  for  Full-  DF  96116 

Traverse  Testa  of  Combustors  A 
and  B 
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SECTION  V 


COMPARISON  OF  PREDICTED  AND  MEASURED  EMISSION  CONCENTRATIONS 


A.  GENERAL 

This  section  presents  UHC  cmd  CO  emissions  concentration  predictions  ob¬ 
tained  using  the  streamtube  combustor  model  described  in  Section  ILL  The  com¬ 
bustor  configurations  and  operating  conditions  chosen  for  input  to  the  model  cor¬ 
responded  to  the  JT8D  probing  test  series  (shown  in  table  IV  ami  figure  13)r  aad 
to  selected  combustor  A  and  B  test  points.  (See  Section  IV. )  The  predicted 
CO  and  UHC  concentrations  have  been  compared  with  the  corresponding  experi¬ 
mental  data.  Examples  from  the  parametric  studiy  were  selected  to  correspond 
to  test  cases  conducted  under  the  combustor  A  test  program  Insofar  as  possible* 
and  the  predicted  results  were  compared  with  the  experimental  data  where  ap¬ 
plicable.  In  the  case  of  inlet  pressure  variation,  no  exit  salve  experimental  data 
exist  for  comparison  with  the  predicted  concentrations, 

B.  JT8D  PROBING  STUDIES 

Predicted  CO  and  UHC  concentration  profiles  aad  FA  profiles  have  been 
compared  with  the  experimental  probing  data  In  figures  149  through  151  for  the 
idle  condition  and  in  figures  152  through  154  for  the  approach  condition.  The 
profiles  have  been  plotted  at  tine  correct  axial  locations,  depicting  the  actual 
combustor  geometry  at  each  probe  location.  The  predicted  concentration  levels 
are  in  general  agreement  with  the  measured  values,  particularly  for  the  approach 
condition.  Lack  of  detail  in  the  central  region  of  the  burner  is  &  consequence  of 
the  streamtube  arrangement  incorporated  in  the  model ,  The  discrepancy  between 
predicted  and  measured  FA  profiles  near  Um»  front  of  the  burner,  especially  ap¬ 
parent  in  the  idle  case,  is  a  measure  of  the  difference  between  the  total  fuel  flow¬ 
rate,  approximated  by  the  measured  values,  and  She  amount  of  fuel  vaporized  and 
reacted  (predicted  values).  The  two  values  approached  one  another  with  movement 
down  the  burner.  This  is  in  qualitative  agreement  with  the  discrepancy  between 
enthalpy- based  and  oxygen-deficiency-based  combustion  efficiencies,  found  near 
ths  front  of  the  burner.  (See  Section  HI.  ) 

The  measured  end  predicted  oxhaust-plane  concentrations  are  shown  in 
table  Nil.  As  indlcsted,  there  is  only  qualitative  agreement  with  the  UHC  con  ¬ 
centration  levels  and  poor  agreement  with  the  CO  values.  The  predicted  «*h>*ist 
levels,  at  Cbo  present  state  of  mode!  development  responded  relatively  more 
strongly  to  changes  in  FA  than  to  Inlet  temperature  variations.  This  Is  contrary 
to  tb->  experimental  trends.  The  values  of  FA  reported  in  table  XT  exceed  the 
set  values  of  0.0075  and  0.0131  since  they  represented  mtdspsh  averages  and 
hence  did  not  include  fbei-frec  wall  cooling  air  at  the  periphery  of  the  combustor. 
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Figure  150.  Variation  in  Predicted  and  Measured  KD  72116 

UIIC  Concentration*  within  JT8D 
Burner  (Idle  Operation) 
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Figure  152.  Variation  in  Predicted  and  Measured 
CO  Concentrations  within  JT8D 
Burner  (Approach  Operation) 
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Table  XII.  Comparison  of  Predicted  and  Measured  JT8D  Probing  Data 


Exhaust  Plane  Emission  Concentration 


Experiment 

Predicted 

Condition 

CO 

UHC 

FA 

CO  UHC  FA 

Idle 

920 

900 

0. 010 

315  233  0.0088 

Approach 

320 

0 

0.018 

1223  81  0.0150 

C.  PHASE  n  -  COMBUSTOR  A 


Predicted  values  of  CO  and  UHC  concentrations  were  compared  with  the 
exhaust  traverse  data  obtained  from  the  tests  conducted  using  combustor  A  in 
Phase  II.  Comparison  of  the  predicted  and  experimental  data  are  shown  graph¬ 
ically  as  follows: 

1.  Figures  155  and  156  show  comparisons  of  the  effect  of  air 
staging  using  Schemes  1-1B,  2-1A,  3-1A,  and  4-1  A. 

2.  Figures  157  and  158  show  comparisons  of  the  effect  of  fuel 
staging  using  Scheme  2-1B.  Scheme  2-1A  results  (unstaged) 
are  shown  for  comparison. 

3.  Figures  159  and  160  show  comparisons  of  the  effect  of  fuel 
staging  using  Scheme  4-1A. 

In  all  cases,  as  will  be  the  convention  for  the  remainder  of  this  section, 
the  predicted  points  have  been  indicated  by  darkened  symbols  that  have  been 
connected  by  straight  lines.  The  fuel-staging  cases  have  been  confined  to  a 
single  value  of  PHIP,  0. 5. 

With  the  exception  of  the  1-1B  configuration,  the  predicted  CO  concentra¬ 
tions  exhibited  substantial  agreement  with  the  measured  data.  The  UHC  concen¬ 
tration  predictions  generally  exceeded  the  measured  values  for  those  cases  in 
which  fuel  was  not  staged,  often  by  as  much  as  an  order  of  magnitude,  and  tended 
to  underestimate  the  measured  values  in  the  fuel-staging  cases.  The  predicted 
trends  are  generally  correct,  however.  There  is  reason  to  believe  that  the  UHC 
concentration  predictions  for  the  fuel-staging  cases  can  be  brought  into  line  with 
the  measured  values  by  adjustment  of  the  radial  distribution  of  secondary  fuel. 

The  reason  for  the  strong  lack  of  agreement  in  the  1-1B  case  is  not  readily 
apparent. 

D.  PHASE  n  -  COMBUSTOR  B 

Predicted  CO  and  UHC  exhaust  concentrations  were  compared  with  the 
measured  values  for  Scheme  5-1 A  of  the  premlxed-tube  combustor  in  figures  161 
*  and  162.  As  observod  for  combustor  A,  there  was  reasonable  agreement  between 
the  predicted  and  measured  CO  concentration  values,  while  the  predicted  UHC  con¬ 
centration  values  exceeded  the  measured  values  by  one  and  a  half  orders  of  magni¬ 
tude.  However,  the  predicted  UHC  concentration  values  for  the  premixed  configura¬ 
tion  were  substantially  below  the  corresponding  predictions  for  the  nonpremixed, 
exhibiting  the  oorrect  qualitative  trend. 


Figure  157.  Comparison  of  Predicted  and  DF  96119 

Measured  Variations  in  CO 
Concentration  with  FA  for 
Fuel-Staging  Tests  (Scheme  2-1A) 


Figure  158.  Comparison  of  Predicted  and  Measured  DF  96120 
Variations  in  UHC  Concentration  with 
FA  for  Fuel-Staging  Tests  (Scheme 
2-1A,  4  gph  Fuel  Howies  In  Primary 
and  Secondary) 
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Figure  159.  Comparison  of  Predicted  and  Measured  DF  90121 
Variations  in  CO  Concentration  with  FA 
for  Fuel-Staging  Tosts  (Schemes  4-1A, 

4  gph  Fuel  Nozzles  in  Primary  and 
Secondary) 


Figure  ISO.  Comparison  of  Predicted  and  Measured  OF  96122 
Variations  in  LHC  Concentration  with  FA 
for  Fuel-Staging  Testa  (Scheme  4-1  A, 

4  gph  Fuel  Nozzles  in  Primary,  Air 
Blaat  Nozzles  in  Secondary) 
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Figure  181,  Comparison  of  Predicted  and  Measured  DF  96123 
Variations  in  CO  Concentration  with 
FA  for  Scheme  S-IA  Tests 


Figure  162.  Comparison  of  Predicted  and  Measured  DF  96124 
Variations  ir  UHC  Concentration  with 
FA  for  Scheme  5-1A  Tests 


E.  PARAMETRIC  STUDY 


The  parametric  variation  of  predicted  CO  and  UHC  exhaust  concentration 
was  investigated  with  respect  to  the  following  input  variables: 

1.  Figures  163  and  164  show  comparisons  of  the  effect  of  inlet 
air  temperature  using  Scheme  1- IB  at  an  inlet  air  pressure 
of  1  atm,  FA  of  0.0082,  and  reference  velocity  of  100  fps. 

2.  Figures  165  and  166  show  comparisons  of  the  effect  of  inlet 
air  pressure  using  Scheme  1-1B  at  an  inlet  air  temperature 
of  400* F,  FA  of  0.0082,  and  reference  velocity  of  100  fpa. 

3.  Figures  167  and  168  show  comparisons  of  the  effect  of  ref¬ 
erence  velocity  using  Scheme  1-1 B  at  an  inlet  air  pressure  of 
1  atm,  FA  of  0. 0082,  and  inlet  air  temperature  of  400'“F. 

4.  Figures  169  and  170  show  comparisons  of  the  effect  of  air- 
blast  fuel  injection  (Increased  fuel  droplet  size)  using 
Scheme  2-3A  at  an  inlet  air  pressure  of  l  atm,  inlet  air  tem¬ 
perature  of  400*  F,  and  reference  velocity  of  100  fps.  Data 
for  Scheme  2-1 A  (pressure-atomizing  fuel  nozzles)  are  shown 
for  reference. 

5.  Figures  171  and  172  show  comparisons  of  the  effect  of  dome 
cooling  using  Scheme  2-2A  (reduced  dome  cooling)  at  an  inlet 
air  temperature  of  400*F,  inlet  air  pressure  of  1  atm,  and 
reference  velocity  of  1 0Q  fps.  Data  for  Scheme  2-1 A  are  shown 
for  reference. 

Analytical  model  input  conditions  were  chosen  to  correspond  to  tost  points 
accomplished  in  the  Phase  II  combustor  A  test  program.  This  was  done  to  pro¬ 
vide  experimental  verification  of  the  model  predictions  wherever  possible.  Only 
the  cases  involving  variation  of  inlet  pressure  have  been  presented  without  cor¬ 
responding  experimental  data. 

In  the  cases  of  variation  of  inlet  temperature  and  reference  velocity,  It  was 
unfortunate  that  all  testing  was  conducted  utilizing  the  l-l  B  configuration.  This 
configuration  exhibited  the  worst  agreement  between  predicted  and  measured 
value*  of  concentrations.  The  predicted  effect  of  inlet  temperature  variation 
showed  poor  qualitative  and  quantitative  agreement  in  the  case  of  CO  and  only 
weak  agreement  in  the  case  of  UHC.  The  predicted  effect  of  inlet  pressure  was 
quite  strong,  although  the  validity  of  the  predictions  cannot  be  determined  with 
the  limited  data  at  hand.  The  predicted  effect  of  reference  velocity  exhibited 
qualitative  agreement  with  the  measured  values  In  the  esse  of  CO,  but  showed 
the  reverse  trend  for  UHC.  The  extent  to  which  this  lack  of  agreement  was  due 
to  the  difficulties  with  Schema  1-lB,  described  above,  has  not  been  determined. 

The  air-blast  fuel  injectors  used  in  Scheme  2-3A  produced  t  relatively  coarae 
spray.  This  was  simulated  in  the  model  by  an  Increased  Input  value  of  initial  fuel 
droplet  size,  200  microns.  As  shown  in  figures  169  and  170,  the  model  predictions 
Indicate  a  reduction  in  CO  concentration  and  essentially  unchanged  UHC  concentra¬ 
tion  with  Inc  reared  fuel  droplet  size.  The  predicted  UHC  trend  is  in  particularly 
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poor  agreement  with  the  experimental  data*  This  poor  agreement  indicates  that 
there  is  more  involved  that  a  simple  increase  in  fuel  droplet  size,  as  a  significant 
change  in  radial  fuel  distribution. 

The  effect  of  reduced  dome  cooling,  in  the  configuration  investigated,  was 
both  predicted  and  experimentally  measured  to  be  small.  Returning  to  the  pattern 
of  the  air  and  fuel-staging  cases,  the  predicted  CO  concentration  values  showed 
good  agreement  with  the  corresponding  measured  values,  while  the  UHC  predic¬ 
tions  exceed  the  measured  values  by  approximately  an  order  of  magnitude. 

F.  DISCUSSION  OF  THE  MODEL  PREDICTIONS 

Examination  of  the  predicted  CO  and  UHC  concentrations  within  the  combustor 
indicates  that  these  emissions  result  from  premature  quenching  of  the  respective 
chemical  reaction  mechanisms  as  the  stream  tube  temperature  was  reduced  by  air 
addition.  CO  concentration  level  is  controlled  by  the  kinetic  conversion  to  CO*, 
while  the  UHC  concentration  level  reflects  both  raw  fuel,  which  has  failed  to  ignite, 
and  intermediate  hydrocarbons,  for  which  oxidation  has  been  halted.  Examination 
of  the  detailed  predictions  indicates  that  CO  conversion  is  quenched  at  a  higher  tem¬ 
perature  than  the  hydrocarbon  oxidation  reactions.  Thus,  continued  hydrocarbon 
reaction  oroduces  CO  below  the  temperature  at  which  conversion  CO*  can  occur. 
With  respect  to  the  combustor  internal  flowfield  CO  is  quenched  in  the  downstream 
portions  of  the  central  stream  tubes,  following  dilution  air  addition,  and  everywhere 
in  the  wall  cooling  streamtube.  Quenched  UHC  is  principally  confined  to  the  outer 
wall  cooling  air  streamtube. 

The  increase  in  exit  plane  CO  and,  particularly,  UHC  concentrations  with 
combustor  wall  fuel  injection  (fuel  staging)  Is  the  result  of  severe  quenching  by 
dilution  air  addition  downstream  of  the  fuel  injection  site.  Examination  of  the 
detailed  model  predictions  indicates  that  for  the  particular  configuration  investi¬ 
gated,  insufficient  time  has  been  provided  for  the  rate  limiting  processes  of  fuel 
droplet  vaporization  ami  chemical  reaction  of  the  secondary  ftiol. 

The  degree  of  agreement  obtained  between  the  predicted  and  experimentally 
measured  values  of  CO  and  UHC  concentrations,  both  within  the  burner  and  at  the 
exhaust  plane,  indicate  that  the  modeling  approach  is  fundamentally  sound.  In 
addition,  the  generally  good  agreement  in  absolute  level  obtained  for  CO  concen¬ 
tration  indicates  that  the  CO  mechanism  incorporated  in  the  model  is  correct.. 

There  are,  however,  significant  instances  where  the  model  is  unable  to  predict 
observed  levels  and  trends.  The  most  serious  shortcomings  are  the  generally 
high  predicted  values  of  UHC  in  the  exhaust  and  the  lack  of  a  strong  trend  with 
changes  in  inlet  temperature.  Extensive  experimentation  with  the  analytical  model 
has  indicated  that  these  problems  will  not  be  rectified  by  simple  changes  in  kinetic 
rates,  fuel  distribution,  or  other  items  that  constitute  the  Input  data.  Rather, 
the  discrepancies  noted  In  this  section  indicate  a  degree  of  inadequacy  in  the  com¬ 
bustion  models  as  presently  formulated,  particularly  the  physical  model  treating 
fuel-air  mixture  preparation  prior  to  and  during  burning.  Ouce  identified,  those 
aspects  of  the  model  requiring  further  development  can  be  treated  on  an  individual 
bar la. 
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Figure  163.  Comparison  of  Predicted  and  Measured  OF  96125 
Variations  in  CO  Concentration  with 
Inlet  Air  Temperature  (Scheme  1-1B, 

FA  «  0, 0082,  Reference  Velocity  * 

100  fra) 
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Figure  164.  Comparison  of  Predicted  Measured  OF  98126 
Variations  in  UHC  Concentration  with 
inlet  Air  Temperature  (ScNir.  ~  I-IB. 

FA  0. 0082,  Reference  Velocity  "  100  fj>S) 


Figure  167.  Comparison  of  Predicted  and  Measured  DF  96129 
Variations  in  CO  Concentration  with 
Reference  Velocity  (Scheme  1-1B, 

FA  =  0.0082,  Inlet  Air  Temp  =  400* F) 
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Figure  168.  Comparison  of  Predicted  a  no  Measured  OK  96130 
Variations  in  UHC  Concentration  with 
Reference  Velocity  (Scheme  1-lB, 

FA  -  0. 0082,  Reference  Velocity  - 
100  fjpS) 
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Figure  169.  Comparison  of  Predicted  and  Measured  DF  96131 
Vari  -'..ons  in  CO  Concentration  with 
FA  for  Pressure-Atomizing  and  Air- 
I  st  Fuel  Nozzles 
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PUI-L-AIR  RATIO 

Figure  170.  Comparison  of  Predicted  and  Measured  DF  96132 
UHC  Concentration  vith  FA  for  Pres¬ 
sure-Atomizing  and  Air-Blast  Fuel 
Nozzles 
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Figure  17.1*  Comparison  of  Predicted  and  Measured  DF  96133 
CO  Concentration  with  FA  for  Tests 
.  -  Demonstrating  the  Effect  of  Dome 

Cooling 


Figure  172.  Comparison  of  Predicted  and  Measured  DF  96134 
UHC  Concentration  with  FA  for  Tests 
Demonstrating  the  Effect  of  Dome  Cooling 
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SECTION  VI 


NOMENCLATURE  FOR  TEST  DATA  SUMMARY 


The  following  nomenclature  was  used  for  the  test  data  summary. 


Symbol 

Definition 

Units 

PSAR 

Primary  to  secondary  airflow  ratio 

- 

FA 

Overall  fuel- air  ratio 

- 

PHIP 

Primary  zone  equivalence  ratio 

- 

PSFR 

Primary  to  secondary  fuel  flow  ratio 

- 

PRINT 

Intermediate  zone  equivalence  ratio 

- 

TT3 

Combustor  inlet  total  temperature 

.. 

VREF 

Combustor  reference  velocity 

ft/sec 

LPL 

Combustor  total  pressure  loss 

% 

EFFMB 

Combustor  efficiency  from  temperature 

% 

EFFCA 

measurements 

Combustor  efficiency  from  gas  analysis 

measurements 

% 

PT3 

Combustor  inlet  total  pressure 

psia 

X  ' ' 

Mean  absolute  humidity 

lbm  H2°/lbm  diy  air 

The  following  symbols  refer  to  overall  average  exit  concentrations  of  the 
noted  species. 

HCTOA 

UHC  volumetric  concentration 

ppmv 

HCTPW 

UHC  mass  concentration 

ppmw 

HCTDX 

UHC  emission  index 

lbm  UHC/1000  lbm  JP~5 

COOA 

CO  volumetric  concentration 

ppmv 

COPW 

CO  mass  concentration 

ppmw 

COBX 

CO  emission  index 

lbm  CO/IOOO  lbm  JP-5 

NOOA 

NO  volumetric  concentration 

ppmv 

NOPW 

NO  mass  concentration 

ppmw 

NODX 

NO  emission  index 

lbm  NO/IOOO  lbm  Jp-5 

NO20A 

NO2  volumetric  concentration 

ppmv 

N02PW 

NO2  mass  concentration 

ppmw 

N02DX 

NO2  emission  index 

lbm  N02/1000  lbm  Jp~5 

NOXOA 

NOx  volumetric  concentration 

ppmv 

NOXPW 

NOx  mass  concentration 

ppmw 

NOXDX 

NOx  emission  index 

lbm  N0x/1000  lbm  Jp'5 

CO20A 

CO2  volumetric  concentration 

ppmv 

C02PW 

CO2  mass  concentration 

ppmw 

C03D: 

CO2  emission  index 

lbm  C02/1000  lbm  JP“5 
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APPENDIX  I 


JT8D  COMBUSTOR  CONCENTRATION  AND 
FUEL-AIR  RATIO  PROFILES 


Concentration  and  fuel-air  ratio  profiles  obtained  during  probing  tests 
the  JT'SD  combustor  are  shown  in  figures  173  through  184, 


DIAMETRAL  POSITION  •  In. 

Figure  173.  Variation  in  FA  and  Concentration  FD  72121 

of  Combustion  Products  with 
Diametral  Position  (Position  IB,  Idle 
Operation) 
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DIAMETRAL  POSITION  •  in. 

Figure  175.  Variation  In  UHC  Concentration*  with  FD  72123 
Diametral  Position  (Position  2A,  Idle 
Operation) 
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DIAMETRAL  POSITION  •  In. 

Figure  176.  Variation  In  FA  and  Concentration  of  FD  72124 

Combustion  Products  with  Diametral 
Position  (Position  2B,  Idle  Operation) 
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Figure  ITT.  Vsriatioo  in  UHC  Corn 
with  Diametral  PoeiU 
2B,  Idle  Operation 
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Ftfurc  1??.  Variation  in  FA  and  Concentrations 
of  Cocnbuatioa  Products  with 

Diametral  Poaitloo  (Poaitloo  3A, 

Idle  Operation) 

FD  72126 
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FiRXirc  181*  Variation  ia  FA  aod  CooconiraUorw  FD  72129 

of  ContbusUoo  Product*  with  Spaowiac 
P o*1  tier,  (Kxhav.at  Location,  Idle 
Ope  rah  oo  ) 


0  as  1.0  1S  20  2  5  VO  3.S  4  0  4S  SO  55  *0 


OUUMtTfUU.  fOSmON  in. 

Figure  182.  Variation  in  FA  awl  Concentration?  of  FH  7.U3Q 
{'ombustlwi  Products  with  Diametral 
Position  (Position  2F>,  Approach 
C*>o  ratteen 


APPENDIX  n 

COMBUSTION  EFFICIENCY  AND  TEMPERATURE  PROFILES 


Combustion  efficiency  and  temperature  profiles  obtained  during  probing 
tests  of  the  JT8D  combustor  are  shown  in  figures  185  through  192, 


DIAMETRAL  POSITION  •  in. 

Figure  185,  Variation  in  Combustion  Efficiency  FD  72133 

and  Temperature  with  Diametral 
Position  (Probe  Location  IB,  Idle 
Operation) 
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TEMPERATURE  -  °R  COMBUSTION  EFFICIENCY  - 


Figure  186.  Variation  in  Combustion  Efficiency  FD  72134 

and  Temperature  with  Diametral 
Position  (Probe  Location  2A,  Idle 
Operation) 


208 


A;.  V  .&  flfe 
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Figure  191. 


Variation  in  Combustion  Efficiency 
and  Temperature  with  Diametral 
Position  {Probe  Location  3B, 
Approach  Operation) 
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Kigu re  102.  Variation  in  Combustion  efficiency  Kl)  ?2t  io 

ami  Temperature  with  Position  at 
l"hc  Combustor  Ksit  (idle  awl 
Approach  C^jeratinns) 


APPENDIX  III 


PROCEDURE  FOR  CALCULATING  REACTION  RATES  FOR  FUEL  AND  CO 


This  appendix  describes  a  procedure  for  calculating  the  reaction  rates  for 
fuel  and  CO  as  a  part  of  the  turbulent  flame  laboratory  studies. 


Reaction  rates  are  first  determined  by  solving  the  continuity  expression, 
equation  33,  below,  for  the  particular  species  of  interest.  As  will  be  shown, 
some  simplification  can  be  gained  by  solving  for  the  reaction  rate  at  points  where 
at  least  one  of  the  variables  is  known  to  be  zero.  With  reference  to  die  nomencla¬ 
ture  of  figure  193,  the  continuity  expression  for  the  species  of  interest  {])  is 


< (Isi , i!si , „q, 

U2  fty2  a*2/  1 


(33) 


where 


Cj  *  concentration  of  the  SDecies  <j> 
t  turbulent  diffusivity 
P  density 

VK,  t‘v<  U?  are  the  velocities  in  X,  Y,  and  Z  directions 
X  *  distance  downstream  of  the  ftameholdor 
Y  direction  normal  to  flow  within  the  sampling  plane 
7.  =■■  direction  normal  to  Y 
Qj  reaction  rate  for  species  j 

Assuming  that  the  flame  is  two  dimensional,  i.e. ,  that  no  variation  occurs 
in  the  Z  direction,  equation  33  becomes; 


Some  simplification  is  obtained  fay  solving  for  at  dC)/dy  -  0;  then  equation 
34  becomes: 


...  Isa .  al  sej  ,  ifo  .  ifa  _ 
pl»  a,  titx  '  '  Ayz  Q) 


The  various  derivatives  of  Cj  in  equation  35  can  be  evaluated  graphically  from 
the  species  concentration  profiles.  The  diffusivity  terms,  however,  must  be 
evaluated  from  the  momentum  equation  as  follows: 


ftp  »w 

dx  dy 


(38) 


where  P  -  static  pressure. 
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Ttst  Section 


Figure  IM.  Schematic  Diagram  Showing  Sampling.  FD721U 

Plane  and  Coordinate  System  for 
Turbulent  Flame  Hig 


Integrating  and  simplifying, 


where 


Vj  a(x> 
Y-»  tXx> 


are  specified  streamlines. 


'2  dfP  l:‘t 


- !L  t(y 

x 


Lcibnitx'  Theorem  applied  to  the  term  / 

Yl 

yields: 

bfxt  b(x) 

f  M)tty  dx  f  f  &'****  1  flx.atx)}1*^-  fix.  btxil^; 


a(x) 


a(x) 
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where: 


PU*  =  f(x,y) 


Therefore, 

y2  2 

r  d<pv:> 


-HK^H,v^]-hl,v2)§] (39) 


But,  along  a  streamline: 


*“  *  V  S1  "»v*«xS 

x 


Therefore, 

Y,  .  _,2.  Vo 

r  ‘  &*V  .  i  f  2 


dy  ^  /  wj  %  *  *V> 


I  (X»  Vjl 


-  »V, 


Substituting  equation  40  into  3?  yields  the  Anal  form: 


*2 

/  If  ^  M  »,|y " ‘sV 


^V, 


Before  solving  equalhm  41  for  the  dlffbslvity,  the  streamlines  foi  each  flame 
(t.e.,  T,P  }  are  evaluated  a*  follows: 

3 

The  total  mass  flow  at  any  X  Vocal  lot'  /*l  rx  *r 


Therefore*  the  fraction  of  flow'  between  0  and 


for  a  duet  3  in.  wide. 


*  i 

/ 

Vj  Lj - — 

J 


('V,  V 


Kquation  42  ts  used  to  define  the  desired  streamlines  (points  in  the  X 
direction  where  the  fraction  of  flow1  Is  constant)  with  integrations  calculated 
graphically. 

liquation  41  can  now  be  evaluated  between  selected  streamline*  with 
Integra  Tons  and  differentiations  done  graphically.  In  each  case,  the  upper  limit 
of  Integration,  Y2,  ronrespoods  lo  the  50%  streamline,  while  ihe  lower  limit.  Y  j , 
corresponds  to  some  other  streamline  between  0  and  50%.  The  values  cf  dtffustvfty 
determined  in  thk  manner  represent  an  average  between  the  values  at  V2  and  Yj. 


In  the  limiting  case,  as  Yi  approaches  Y2  the  value  of  diffusivity  corresponds  to 
the  desired  value  at  dCj/dy  0.  However,  in  this  case,  *hc  indeterminate  form 
0/0  is  obtained  as  shon-n  in  equation  43. 


Y2 

Y2 

f  dP 

d  f 

J  ;rrfiv‘xv  Pt:xf*y 

Limit  *  Limit  Yi  <tx  Yl  x 

Yl-»*  Y|-Y2 

*V 

by 

y2  *y  y j 

Application  of  ^Hospital's  Rule  allows  evaluating  th  diffusivity  in  the 
limiting  case  by  taking  derivatives  of  both  the  numerator  and  denominator  of 
equation  43  with  respect  to  Yo^Yj  and  evaluating  ihe  resultant  expression 
at  Yj  Y2.  in  our  case,  these  derivatives  are  taken  graphically  using  a  suf¬ 
ficient  number  of  points,  values  of  numerator  and  denominator  in  equation  43, 
to  define  a  smooth  curve  as  the  limit  is  approached. 

The  resulting  values  of  diffusivity,  when  used  in  equation  35  to  determine 
the  reaction  rates,  accounted  for  less  than  i0  <’  of  tin'  final  answer.  ‘ITis  relatively 
small  gradient  eliminates  concern  over  the  accuracy  of  ihe  graphical  approach  used 
in  generating  values  of  diffusivity. 
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APPENDIX  IV 


FA,  X,  AND  pH  TEST  DA.TA 


Table  XHI  contains  FA,  X,  and  pH  data  obtained  from  tests  conducted  on 
combustors  A  and  5  during  Phase  II. 

Humidity  data  are  presented  for  each  test,  while  pH  data  are  presented 
for  full-traverse  tests  only. 
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Table  XIII.  Fa,  X,  and  pH  Test  Data 


TEST  FA  X  PH 


1-1A-1 

0.0039 

1-1A-2 

0.0080 

1-1A-3 

0.0083 

1-1 A-A 

0.0039 

1-1A-5 

0.0122 

1-1A-6 

0.0183 

1-1A-7 

0.0120 

1-1A-8 

0.0121 

1-1A-9 

0.0123 

1-1A-10 

0.0040 

1-1  A  — 1 1 

0.0039 

1-1A-12 

0.0027 

1-1 A— 1 j 

0.0067 

1  - 1 A  —  1 

0.0080 

1-1  A- 1 5 

0.0060 

1-1 A— 1 6 

0.0039 

1-1A-17 

0.0123 

1-1A-18 

0.0165 

1-1A-19 

0.0188 

1-1A-20 

0.0081 

1-lfWl 

0.0082 

1-1H-2 

0.0038 

l“l->-3 

0.0122 

1-1H-4 

0.00*1 

M 

i 

7 

0.0083 

1  :h-6 

0.0125 

1-1H-7 

0.0189 

l-lrA-9 

0.0200 

l-lrt-9 

0.0122 

1-1R-10 

0.0185 

1-1H-U 

0.0084 

1-1H-12 

0.0082 

1-1H-13 

0.0083 

1-1B-14 

0.0084 

1-10-15 

0.0082 

1-1H-16 

0.0081 

1-1R-17 

0.0061 

1— I'l— lfl 

0.0102 

1-1H-1P 

0.0092 

1-1H-20 

0.0062 

0*0118 

0.0119 

0.0144 

0.0144 

0.0143 

0.0144 

0.0100 

0.0094 

0.0109 

0.0142 

0.0107 

0.0062 

0.0069 

0.C116 

5.7000 

0.0134 

5.6000 

0.0136 

5.8000 

0.0142 

5. 1000 

0.0144 

4.9000 

0.0146 

5.0000 

0*0142 

5.3000 

0.0132 

2.5000 

0.0116 

2.8000 

0.0137 

0.0142 

0.0142 

0.0142 

3.4000 

0.0152 

3.9000 

0.0147 

0.0147 

0.0146 

0.0146 

0.0154 

0.0156 

4.4000 

0.0155 

0.0163 

3.1000 

0.0140 

0.0139 

0.0141 

4.2000 

0.0145 

0.0152 

3.4000 
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Table  XIII.  FA,  X,  and  pH  Test  Data  (Continued) 


TEST 

FA 

X 

PH 

4-1A-1 

0.0062 

0.0161 

4.2000 

4-1A-2 

0.0084 

0.0228 

3.8000 

4-1A-3 

0.0039 

0.0151 

4*4000 

4-1A-4 

0.0102 

0.0153 

3.7000 

4-1A-5 

0.0080 

0*0160 

4-1A-6 

0.0039 

O.OlfeO 

3.8000 

4-IA-7 

0.0102 

0.0163 

3.2000 

4-1A-8 

0.0061 

0.0164 

4-1A-9 

0.0085 

0.0137 

3,9000 

4-1A-10 

0.0125 

0.0145 

3.1000 

4-lA-il 

0.0166 

0.0143 

4-1A-12 

0.0206 

0*0142 

4-1A-13 

0.0064 

0.0143 

4-1A-14 

0.0104 

0.0143 

4-1A-15 

0.0163 

0.0142 

4-1A-I6 

0.0124 

0.0142 

4-1A-17 

0.0166 

0.0152 

4-lA“18 

0.0208 

0.0152 

4-1A-19 

OoO  146 

0.0152 

4-1A-2C 

0.0075 

0.0152 

3-1A-1 

0.0072 

0.0166 

4.7000 

3-1A-2 

0.0092 

0.0166 

4.4000 

3-1A-3 

0.0124 

0.0169 

4.1000 

3-XA-4 

0.C144 

0.0176 

3.9000 

3-1A-5 

0.0042 

0.0176 

3-1 A~6 

0.0133 

0.0176 

2-1A-1 

0.0059 

0.0154 

3.4000 

2-1A-2 

0.0091 

0.0155 

3.1000 

2-1A-3 

0.0132 

U»o 177 

3.0000 

2-1 A-4 

0.0162 

0.0155 

2-1A-5 

0.0196 

0.0155 

2-2A-1 

0.0040 

0.0181 

3.9000 

2-2A-? 

0.0060 

0.0183 

3.9000 

2-2  A -3 

0.0080 

0.0164 

3.8000 

Table  XIII.  FA,  X,  and  pH  Test  Data  (Continued) 


TEST 

FA 

2-3 A- 1 

0.0061 

2-3A-2 

0.0082 

2-3A-3 

0.0134 

2-3 A -4 

0.0113 

2-3A-5 

0.0093 

2-3A-6 

0.0081 

2-3A-7 

0.0040 

2-3A-8 

0.0050 

2-3A-9 

0.0060 

2-1B-1 

0.0039 

2-18-2 

0.0086 

2-18-3 

0.0158 

2-18-4 

0. )196 

2-1B-5 

0.0119 

2-1H-6 

0.0160 

2-18-7 

0.0200 

2-1B-8 

0.0160 

2-18-9 

0.0200 

x  PH 


0*0170  3«0000 

0.0169  2.9000 

0.0172  2.8000 

0.0172 
0.0171 

0.0170  3.3000 

0.0171 

0.0171 

0.0171 

0.0156 

0.0158  2.7000 

0.0156  2.6000 

0.0157  2.6000 

0.0156  2.5000 

0.0157  2.9000 

0.0157  2.6000 

0.0156  2.7000 

0.0170  2.7000 
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Table  XIII,  FA,  X,  and  pH  Test  Data  (Continued) 


TEST 

FA 

5-IB-l 

0.0040 

5-1B-2 

0.3061 

5-14-3 

0.0101 

5-14-4 

0.0061 

5-1 A- 1 

0.0070 

5-1 A— 2 

0.0087 

5-1A-3 

0.3100 

5-1A-4 

0.0051 

5-1A-5 

0.0060 

5-1A-6 

0.3082 

5-1A-7 

0.0071 

5-1A-8 

0.0060 

5-1A-S 

0.0101 

5-lA-iO 

0.0121 

5-1A-11 

0.0060 

5-1A-12 

0,0049 

5-2A-1 

0.0081 

5-2A-2 

0.0100 

5-2A-3 

0.0059 

5-2A-4 

0.0079 

5-2A-5 

0.0068 

5-2A-6 

0.0055 

5-2A-7 

0.0063 

5-3A-1 

0.0083 

5-3A-2 

0.0062 

5-3A-3 

0.0102 

5-3A-4 

0.0054 

5-3A-5 

0.0057 

5-3A-6 

0.0067 

5-4A-1 

0.0080 

5-4A-2 

0.0099 

5-4A-3 

0.0050 

5-4A-4 

0.0054 

5-4A-5 

0.0059 

X 

Ph 

0.0152 

3.7000 

0.0152 

3.5000 

0.0165 

3.2000 

0.0165 

3.3000 

0.0151 

4.0000 

0.0151 

3.8000 

0.0157 

0.0157 

3.5000 

0.0157 

0.0158 

3.5000 

0.0158 

0.0158 

3.9000 

0.0140 

3. 1000 

0.0140 

3.8000 

0.0140 

0.0140 

0.0161 

3.4000 

0.0161 

3.3000 

0.0167 

3.8000 

0.0167 

0.0167 

0.0167 

0.0167 

0.0162 

3.1000 

0.0162 

3.5500 

0.0137 

3.1000 

0.0137 

0.0137 

0.0137 

0.0080 

3.0000 

0.0080 

2.9000 

0.0080 

0.0080 

3.1000 

0.0080 

3.2000 
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Table  XIII 


FA,  X,  and  pH  Test  Data  (Continued) 


TEST 

FA 

5-5A-1 

0  •  0  Q  8  4 

5-5A-? 

0.0105 

5-5A-3 

0.0073 

6—5  A— 4 

0.0075 

5-5A-5 

0.0076 

5-5A-6 

3.0078 

5-7A-1 

0.0080 

5-7A-2 

0.0118 

5-7A-3 

0.0157 

5-7A-4 

0.022e 

5-7A-5 

0.0086 

5-7A-6 

0.0043 

5-7A-7 

0.0086 

5-7A-8 

0.0079- 

5-7A-9 

0.0050 

5-8A-1 

0.0085 

5-8A-2 

0.0129 

5-8A-3 

0.0173 

5-8  A -4 

0.0241 

5-8A-5 

0.0076 

5-8A-6 

0.0072 

5-84-7 

0.0066 

X 

pm 

0.0153 

3.4000 

0.0153 

3.2000 

0.0156 

3.0156 

0.0156 

0.0156 

3.6000 

C.0170 

3.7000 

0.0141 

3.6000 

C  .0144 

3.1000 

0.0144 

3.4000 

C.0153 

3.1000 

0.0153 

4.2000 

3.0151 

4.0000 

0.0151 

3.3000 

0.0151 

3.0000 

0.0147 

4.1000 

0.0141 

3.8000 

0.0150 

3.7000 

0.0153 

3. 5000 

3.0153 

0.0153 

0.0153 
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APPENDIX  V 


TEST  DATA  FLOWPATH 


Three  types  of  data  were  recorded  during  combustor  testing  In  Phase  II, 
as  shown  In  figure  194.  Test  stand  data  included  those  variables  used  to  monitor 
overall  stand  conditions;  rig  data  included  those  variables  needed  to  determine 
operational  and  performance  characteristics  of  the  combustor  configurations 
being  evaluated;  and  gas  analysis  cart  data  included  those  variables  needed  to 
determine  distribution  and  concentrations  of  exhaust  emissions. 

Each  set  of  data  taken  included  ambient  readings  that  were  used  to  correct 
instrument  bias  errors.  In  addition,  the  gas  analysis  cart  data  included  a  three- 
point  prerun  calibration  (zero  point,  half  span  and  full  span)  for  each  of  the  ana¬ 
lyzers.  The  three-point  prerun  calibration  was  reinforced  by  conducting  periodic 
multipoint  calibrations  for  each  analyzer. 

All  raw  data  were  hand  recorded  on  specially  prepared  forms  to  facilitate 
keypunching  of  the  data  on  IBM  computer  cards.  The  keypunched  cards  were 
then  processed  using  a  data  reduction  computer  program  with  which  combustor 
operating  and  performance  characteristics  were  calculated.  A  complete  set  of 
computer  printouts  for  data  obtained  during  the  accomplishment  of  Test  Matrix 
Point  No.  5-8A-1,  using  Combustor  Scheme  5-8A,  is  included  in  table  XIV. 

The  information  shown  in  the  data  set  is  self-explanatory. 
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Table  X3V.  Combustor  Rig  Test  Results 


Table  XTV.  Combustor  Rig  Test  Results  (Continued) 


table  XIV.  Combustor  Rig  Test  Results  (Continued) 
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Table  XIV.  C'omt/u#t<3r  Rig  Test  Results  (Continued) 
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Table  XIV.  Combustor  Rig  Test  Results  (Continued) 


Table  XIV.  Combustor  Rig  Test  Results  (Continued) 
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Table  XIV.  Combustor  Rig  Test  Results  (Continued) 

**♦*«£ T  AMO  DRV  BASIS  EMISSIONS**** 
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•ET  BASIS  -  CONCENTRATION  MITH  ALL  *20  .AMBIENT  ANO  COMBUSTION.  PRESENT  IN  SAMPLE  BULK 
ONT  BASIS  -  CONCENTRATION  AFTER  REMOVAL  OF  ALL  M20  FROM  SAMPLE  BULK* 

c^bustion*mso*still',prcsent!0*1  "E"0vAL  w  «•««  "«  SAMPLE  bulk. 

HCTOM-ORT  BASIS  HCT  CONC.  COMPWTEO  using  MEASURED  EXHAUST  H20  (PPMV1  4. 

HCTIM-IOEAL  met  BASIS  HCT  CONC.  COMPUTED  USING  MEASURED  EXHAUST  H20  CPPMV.  4 
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APPENDIX  VI 


CONTROLLED  AND  MEASURED 
TEST  DATA 


Table  XV  contains  controlled  and  measured  data  for  tests  conducted  on 
combustors  A  and  B  during  Phase  II.  Specific  data  presented,  where  applicable, 
for  each  test  are  Test  No. ,  FA,  PSAR,  PSFR,  EKE  MB  and  EE  EG  A. 

EFFMB  and  EFFGA  are  presented  for  full-traverse  tests  conducted  using 
combustors  A  and  B.  EFFGA  is  also  presented  for  the  partial- traverse  tests 
conducted  using  combustor  B. 
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Table  XV.  Controlled  and  Measured  Test  Data 


TEST 

FA 

PSAR 

PSFR 

EFFMb 

EFFGA 

1-1 A- 1 

0.0039 

0.1300 

m 

95.3707 

1-1A-2 

0.0080 

0.1300 

- 

97.2642 

1-1A-3 

0.0083 

0.8600 

- 

97.9572 

1-1A-4 

0.0039 

0.8600 

- 

95.3076 

1-1A-5 

0.0122 

0.8600 

- 

100.6059 

1-1A-6 

0.C183 

0.8600 

- 

96.8054 

1-1A-7 

0.0120 

0.8600 

m 

96,3939 

1-1A-8 

0.0121 

0.8600 

- 

97.3765 

1-1A-9 

0.0123 

0.8600 

- 

97.8921 

1-1A-10 

0.0040 

0.8600 

- 

95,1156 

96.5187 

1-1 A-l 1 

0.0039 

0.8600 

- 

94.2456 

95.7597 

1-1A-12 

0.0027 

0.8600 

91.4564 

95.8919 

1—1 A—  1  3 

0.0067 

0.8600 

- 

97.3486 

99.2110 

1-1A-H 

0.0080 

0,8600 

- 

96.3553 

99.1183 

1  —  1 A  —  1  5 

0.0060 

0.8600 

m 

96.3392 

98.5600 

1-1 A-16 

0.0039 

0.8600 

- 

92.7296 

96.4868 

1— 1 A— 1 7 

0.0123 

0.8600 

96.8093 

99.155H 

1-1A-1H 

0.0165 

0.8600 

- 

96.9268 

99.1109 

1-1A-1<5 

0.0188 

0.8600 

- 

97.3378 

99.1675 

1-1 A— 20 

0.0081 

0.8600 

- 

97.1934 

98.9859 

1-1 B- 1 

0.0082 

0.8600 

- 

98,3389 

97,8067 

1-1H-2 

0.0038 

0.8600 

- 

95.0533 

95,8203 

1-1H-3 

0.0122 

0.8600 

- 

98.4827 

98.6296 

l-lH-4 

0.0041 

0.8600 

- 

1-1H-5 

0.0083 

0.8600 

- 

1— ltt  — 6 

0.0125 

0.8600 

mm 

1-1B-7 

0.0189 

0.8600 

- 

99,6490 

99,2104 

1-lH-fl 

0.0200 

0.8600 

mm 

98.7894 

99.1272 

i-lrt-9 

0.0122 

0.8600 

1-1H-1G 

0.0185 

0.8600 

- 

1  —  1  rt  —  1 1 

0.0084 

0.0600 

- 

1-1H-12 

0.0082 

0.8600 

- 

1-1H-13 

0.0083 

0.8600 

- 

1-1B-14 

0.0084 

0,8600 

<•» 

1-ln-i 5 

0.0082 

0.8600 

- 

1  - 1 H  - 1  6 

0.0081 

0.8600 

- 

98.2068 

95,9935 

1-lB-l 7 

0.0061 

0.8600 

- 

1-1 B- 18 

0.0102 

0.8600 

1-1H-19 

0.0082 

0.8600 

- 

i06.33l4 

98.2969 

1-1H-20 

0.0062 

0.8600 

mm 
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Table  XV.  Controlled  and  Measured  Test  Data  (Continued) 


TEST 

FA 

PSAR 

PSFR 

EFFNd 

effga 

4-lA-l 

0.0062 

0.1300 

.. 

98,6618 

98.7589 

4-1A-2 

0.0084 

0.1300 

- 

98.6543 

98.5832 

4-1A-3 

0.0039 

0.1300 

97.3776 

4-1A-4 

0.0102 

0.1300 

- 

97.6430 

4-1A-5 

0.0080 

0.1300 

m. 

4-1 A-6 

0.0039 

0.1300 

- 

97.7924 

99.6482 

4— 1A-7 

0.0102 

0.1300 

m. 

98.2758 

98.5987 

4—1 A— 2 

0.0061 

0.1300 

- 

4-1A-9 

0.0085 

0. 1300 

0.9408 

80.0106 

66.1069 

4—1 A— 1 0 

0.0125 

0.1300 

0.4798 

86*4386 

69.3337 

4-iA-ll 

0.0166 

0.1300 

0.3218 

4-1A-12 

0.0206 

0.1300 

0.2447 

4  —  1  A  —  1  3 

0.0064 

0.1300 

1.6580 

4—  1  A—  1 4 

0.0104 

0.130C 

3.3018 

4  — 1  A—  1  5 

C.0163 

0.1300 

0.3251 

4— 1 A— 1 6 

0.0124 

0.1300 

1,8609 

4-1A-1 7 

0.0166 

0.1300 

0.9655 

4-1A-18 

0.0208 

0.1300 

0.6449 

4—1  A  — 19 

0.0146 

0.1300 

2.2904 

4—1 A— 20 

0.0075 

0.1300 

0.6963 

3-1A-1 

0.0072 

0.2100 

m 

98.2679 

98,673a 

3-1A-2 

0.0092 

0.2100 

m 

98.5368 

98,7387 

3-1 A-3 

0.0124 

0,2100 

m 

97.9891 

98.5880 

3— l A— 4 

0.0144 

0.210C 

m 

97,6891 

98.4946 

3-1A-5 

0.0042 

C.21U0 

- 

3-1 A-4 

0.0133 

0.2100 

2,2954 

2—1  A  —  1 

0,0059 

0.3100 

98.6618 

98.9140 

2-1A-2 

0.0091 

0.3100 

- 

97.8522 

98.9049 

2-1 a-3 

0.0132 

0.3100 

97.668T 

98,7852 

2-1A-4 

0.0162 

C. 3100 

- 

92.3248 

98.6658 

2-1 A-S 

0.0196 

0.3103 

90.9037 

98.5688 

2-2A-1 

0.0040 

0.3100 

- 

95.3216 

98.7276 

2-2A-2 

0.006C 

0.3100 

- 

95.3974 

98.7505 

2-2A-3 

0.C08G 

0.3100 

m 

95.3289 

98.6519 
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Table  XV.  Controlled  and  Measured  Test  Data  (Continued) 


i 

i- 

5". 


TEST 

FA 

PSAR 

2-3A-1 

0.0061 

0.3100 

2-3 A-2 

0.0082 

0.3100 

2-3A-3 

0.0134 

0.3100 

2-3A-4 

0.0113 

0.3100 

2-3A-5 

0.0093 

0.3100 

2-3A-6 

0.0081 

0.3100 

2-3A-7 

0.0040 

0.3100 

2-3A-8 

0.0050 

0.3100 

2-3A-9 

0.0060 

0.3100 

2-1H-1 

0.0039 

0.3100 

2-1H-2 

0.0086 

0.3100 

2-1H-3 

0.0158 

0.3100 

2-1H-4 

0.0196 

0.3100 

2-1H-5 

0.0119 

0.3100 

2-lH-ft 

0.016C 

0.3100 

2-IM-7 

0.0200 

0.3130 

2-1H-8 

0.0160 

0.3100 

2-lt**9 

0.Q20Q 

0.3100 

RSFR 

EFFKB 

EFFGA 

m 

86.0620 

78.6367 

- 

91.2547 

81.3607 

«• 

93.6552 

73.5601 

mm 

93.2044 

83,6889 

m 

m 

2.3927 

97,5510 

75*2164 

0.6278 

98.3736 

72.1284 

0.4479 

99.5859 

80.3401 

2.1358 

99.3046 

85.3204 

1.0493 

97.9245 

81.2969 

0.7013 

96.3780 

63.1815 

3.2359 

98.0406 

93.5694 

1.5762 

97.7283 

90.4346 

Table  XV.  Controlled  and  Measured  Test  Data  (Continued) 


TEST 


5-lH-i 
5-1B-2 
5-18-3 
5-18-4 
5-1A-1 
5-1 A-p 
5-1 A- 3 
5—1 A— 4 
5-1 A-5 
5-1A-6 
S-iA-7 
5-1A-8 
5-1A-9 

5-U-lv 

5-iA-n 

5-1A-U 

5-2A-1 
5-2 A-p 
5-2A-3 
5-2*-* 
5-2A-5 

5-2*-’ 

5-3*-i 

5-3*-? 

3-3A-3 

5-3A-4 

3-3*~5 

5-3 A-5 

5-4A-1 

5-4A-2 

.5-4  A- 3 

5-4 A— 4 


FA 

P$FK 

o 

* 

o 

o 

£■' 

0.1300 

0.0081 

0.1300 

m 

o.oioi 

0. 1300 

0.0061 

0.1300 

m 

0.0070 

0.1625 

0.0087 

0,1613 

<44 

0.0100 

0.1 638 

44 

0.0051 

0.1608 

«» 

0.0060 

0.1608 

0.0092 

0,1636 

Q.00’1 

•0*16*3 

■^r  • 

0*0063 

0.1629 

a* 

0.0101 

0.16+8 

0,0121 

0*1617 

- 

0*3040 

Q  *  1628 

•Ac. 

0,00*9 

0.1621 

0.0081 

0.1761 

0*0100 

0.1730 

-^c 

0 . 00-59 

0.173? 

'  -4 

0.3Q7V 

0.17*6 

-a*» 

0*0068 

0.17*0 

-a. 

0.0053 

0.17*2 

0,0063 

0.0083 

a*. 

U *  006  2 

'0.1792 

a* 

0.0132 

0.1 ?§o 

*» 

0  »  *  03* 

v.i’vg 

•* 

3.0057 

0.1T9I 

0.006? 

0,1?  V  7 

O.OC-SO  ; 

■*- ,  ^  7  * 

«* 

0.00-99 

0.1 ??6 

«- 

^  ^  r 

V  •  V  V*  ?  V 

0.173? 

0.0C5* 

o. :  ■  >8 

O.OC59 

0.1? 33 

4. 

EFFVfcJ 


97*4302 

97.3160 

96.4252 

98.5180 

98.5524 

99.5990 

95. 70S* 

99.1168 

*V»6y*g 
99.2*02 
9-8  .#510 


100 .986  3 
-29.494  3 
99.9223 


9^.2020 

99,40?3 

99.1539 


1 0  C- »  0  6  6 1 
100  »  3  36  0 

i 00 . 56  35 
101 «  774? 


EFFGA 


98.9169 

98.3266 

98.1795 

98.7462 

99.1343 

98.8823 

98.9937 

93.3359 

99.6574 

99.20*0 

99*6455 

99,6620 

98  » 1 7 60 

97. 7500 

99.7563 

98.8136 

9-».4869 

98.8602 

99.8584 

99.6292 

99*  Si  75 

98.3639 

99*  7821 

99**94? 

9V.6595 

98.  V021 
99.&J92 
99.6724 
99.0*76 
99.3585 
98.8399 
99.2*49 

99.5168 

99.  ‘>900 
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Table  XV'.  Controlled  and  Measured  Test  Data  (Continued) 


T£S,T 

FA 

HbAR 

PSFR 

EFFvtj 

EFi-GA 

5-5A-1 

0.003 A 

0.164? 

10  i *  8  5Q4 

99.5687 

5-5A-2 

0.0 1C5 

0-1646 

a* 

101. 2500 

98.964? 

5-5A-3 

0.0073 

0.1652 

- 

99.3473 

5-5A-4 

0.0075 

0*1653 

- 

99.4893 

5-5  Ar*5 

0.0Q7& 

C .1651 

<a» 

99.5234 

5-5A-6 

0.0078 

0 . 164$ 

- 

101*1874 

99*5762 

5-7A-1 

0 . 0080 

0.8531 

- 

95.3143 

98.5278 

5-7A-2 

O.QllB 

0.8533 

- 

9?.4836 

98.2584 

5-7A-3 

-0.0i5? 

v  .8548 

**. 

96*2366 

98 »  3 1?G 

5-7A-4 

.0.0228 

0.8551 

- 

95.105b 

96.9066 

5-?A-5 

0.0086 

0.85'Jg 

a* 

107.3376 

9a. 2019 

5— ?A-6 

Q.OQ43 

0.8634 

105.6458 

9a. 7887 

5-?A<’? 

0.0086 

0.853? 

Aft 

107.1973 

98,4050 

5  —  7  A  — R 

0.00?$ 

0.8543 

<*• 

97.0589 

94.9266 

5-?A-9 

0 . 0050 

0.8545 

ft. 

96.1388 

96 ♦ 3  3«  1 

5-8A-1 

0.0085 

0.3141 

- 

100. 5203 

99.7262 

5-8 A- 2 

0*0129 

U  .3134 

*» 

99.9342 

99.6742 

5-8A-5 

0.0173 

0.3136 

Aft 

99. 60 78 

99.5498 

5-8A-A 

0.0241 

0.3148 

- 

99.8095 

99.2556 

5-8*-5 

0.0075 

0.3088 

aft> 

99.7096 

5-f A-b 

0.C072 

-0.3C92 

Aft 

99,?35? 

S-ftA-7 

0.0066 

0.3091 

- 

99.6532 

24? 


APPENDIX  VII 


SAMPLE- GAS  TRANSFER  LINE 
TEMPERATURE  DATA 


Table  XVI  contains  sample-gas  transfer  line  temperature  data  obtained 
from  tests  conducted  on  combustors  A  and  B  during  Phase  II.  (See  Section  IV, 
paragraph  B.  5  for  a  discussion  of  the  traverse  and  gas  sample  transfer  systems. ) 
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Table  XVI.  Sample-Gas  Transfer  Line  Temperature  Data 


TEST 

FA 

l-lA-l 

0,0039 

1-1A-2 

0.0080 

1-1A-3 

0.0083 

1~1A«4 

0.0039 

1-1A-5 

0.0122 

1“1A“6 

0.0183 

1-1A-7 

0.0120 

1-1A~8 

0.0121 

1-1A-9 

0.C123 

1-1A-10 

0.0040 

1-1A-11 

0.0039 

1-1A-12 

0.0027 

1-1A-13 

0.0067 

1-1A-14 

0*0080 

1-1A-15 

0.0060 

1-1A-16 

0.0039 

1-1A-1T 

0.0123 

1-1A-18 

0.0165 

I*  iA-19 

0.0183 

1-1A-20 

0.0061 

TSG1  TSG2 


465*2500  340*5000 

496*2500  348  a  7500 

445.0000  322.5000 

410.0000  315.0000 

480.0000  333.7500 

530.0001  353.7500 

479.0000  328.2500 

550.000i  386.2500 

486.2500  335.0000 

493.7500  382.5000 

427.5000  328.7500 

452.5000  317.5000 

433.7500  310.0000 

471.2500  328.7500 

447.5000  313.7500 

433.7500  317.5000 

473.7500  318.-500 

512.5001  341.2500 

536.2501  347.5000 

446.2500  320.0000 


TSG3  TSG4 


81.7500 

83.7500 
355.0000 

350.0000  342.5000 

351.2500  343.7500 

355.0000  342.5000 

332.0000  336.7500 

333.0000  349.2500 

327.5000  354.2500 

365.0000 
325.0000 
325.0000 

323.7500 

328.7500 

377.5000 

353.7500 

373.7500 
380.0000 

322.5000 

348.7500 


Table  XVI 


Sample-Gas  Transfer  Line  Temperature  Data  (Continued) 


TEST 

FA 

TSG1 

TSG2 

TSG3 

TSG4 

1” IB- 1 

0*0082 

526*2501 

347.5000 

353*7500 

323.0000 

1-18-2 

0*0038 

455.0000 

342*0000 

354*5000 

334*2500 

1-18-3 

0*0122 

467*5000 

345.0000 

332*0000 

316*0000 

1-1B-4 

0.0041 

420.0000 

310*0000 

360*0000 

335.0000 

1-18-5 

0.0083 

465*0000 

320*0000 

375*0000 

350.0000 

1-1B-6 

0.0125 

510*0000 

330*0000 

350.0000 

330.0000 

1-1B-7 

0.0189 

548*7501 

346.7500 

350*0000 

325*0000 

1-1B-8 

0*0200 

568*0001 

366*2500 

353*0000 

323*7500 

1-19-9 

0.0122 

505.0000 

350.0000 

317.0000 

270*0000 

1-1B-1C- 

0.0185 

555*0001 

360.0000 

350*0000 

315*0000 

1-1B-11 

0.0084 

472.0000 

347.0000 

355.0000 

325*0000 

1-1B-12 

0*0082 

455*0000 

320.0000 

390.0000 

350.0000 

1-1B-13 

0.0083 

475*0000 

330.0000 

395.0000 

355  *0000 

1-1B-14 

0.0084 

431.7500 

320*0000 

357.5000 

327*5000 

1-18-15 

0.0082 

440.0000 

325.0000 

337.0000 

335*0000 

1-1B-16 

0.0081 

460*0000 

327*5000 

343 . 750Q 

303*7500 

1-1B-17 

0.0061 

415*0000 

310.0000 

345*0000 

310*0000 

1-1B-18 

0.0102 

480*0000 

335.0000 

350*0000 

320.0000 

1-1B-19 

0.0032 

455*6666 

330.0000 

361*6666 

313.3333 

1-1B-20 

0*0062 

470.0000 

330.0000 

350.0000 

300*0000 

4-1A-1 

0*0062 

471.2500 

322.5000 

310.0000 

321*2500 

4-1A-2 

0*0084 

482*5000 

327.5000 

307.5000 

313.7500 

4-1A-3 

0.0039 

485.0000 

283.7500 

318.7500 

327.5000 

4-1A-4 

0.0102 

553.7501 

303.7500 

318*7500 

333.7500 

4-1A-5 

0.0080 

450.0000 

325*0000 

315.0000 

310*0000 

4-1A-6 

0.0039 

413*7500 

315*0000 

317.5000 

333.7500 

4-1A-7 

0.0102 

471.2500 

327.5000 

317.5000 

332*5000 

4-1A-8 

0*0061 

430*0000 

315.0000 

315.0000 

360.0000 

4-1A-9 

0.0085 

451.2500 

30!>»0000 

313.7500 

338.7500 

4-1A-10 

0*0125 

509.0000 

328.7500 

328.7500 

301*2500 

4-1A-11 

0*0166 

505.0000 

335*0000 

320*0000 

350*0000 

4-1A-12 

0*0206 

555*0001 

360*0000 

320.0000 

340.0000 

4-1A-13 

0*0064 

485.0000 

336*0000 

315.0000 

300*0000 

4-1A-14 

0*0104 

450j>0000 

310*0000 

310*0000 

350.0000 

4-1A-15 

0*0163 

505.0000 

330.0000 

310.0000 

345.0000 

4-1A-16 

0.0124 

475.0000 

315.0000 

310.0000 

340.0000 

4-1A-17 

0*0166 

505*0000 

330.0000 

310.0000 

345.0000 

4-1A-18 

0*0208 

550*0001 

350*0000 

310.0000 

345.0000 

4-1A-3 

0*0146 

495.0000 

340*0000 

310.0000 

350.0000 

4-1A-20 

0.0075 

425.0000 

295.0000 

310.0000 

350.0000 

-ii  iiilliMiiin'-iifi-iiiiiiri 


'Mjrnmtimmm*  m  i 


HCAT1 


316*6951 

336*6898 

309.6317 

315*6094 

316*0431 

313*0005 

304*6331 

331*6912 

294*7444 

329*5178 

364*7260 

298*6564 

298*2217 

328*3224 

366*0299 

324*9537 

322*9978 

312*1311 

319*5204 

312*1311 

288*9850 

298*2217 

313*3264 

289*6370 

293*4403 

295*1790 

297*8958 

302*5684 

278*9877 

266*3770 

284*7470 

293.0057 

293.8750 

289.9630 

305.6111 

300.3950 

292.1364 

301.6991 

302*1338 

286.9203 
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Table  XVI.  Sample-Gas  Transfer  Line  Temperature  Data  (Continued) 


TEST 

FA 

TSG1 

TSG2 

TSG3 

TSG4 

HCAT1 

3-1 A -I 

0*0072 

462*5000 

308*7500 

332*5000 

308*7500 

300*7211 

3-1A-2 

0*0092 

456*2500 

305.0000 

323*7500 

310*0000 

307*2411 

3-1A-3 

0*0124 

492.5000 

331*2500 

315*0000 

328*7500 

310*7184 

3-1A-4 

0*0144 

460*0000 

331*2500 

318*7500 

288*7500 

306*9151 

3-1A-5 

0*0042 

440*0000 

315.0000 

315*0000 

260*0000 

302*1338 

3-1A-6 

0*0133 

480.0000 

340*0000 

315.0000 

310*0000 

312.5658 

2-1A-1 

0*0059 

418.7500 

306*2500 

288*7500 

336*2500 

312*4570 

2-1A-2 

0*0091 

445*0000 

322*5000 

300.0000 

328*7500 

314*8478 

2-1A-3 

0*0132 

465.0000 

343*7500 

311*2500 

327.5000 

307.5670 

2-1A-4 

0*0162 

475.0000 

355.0000 

330*0000 

335*0000 

310*8270 

2-1A-5 

0*0196 

485.0000 

360*0000 

330*0000 

340*0000 

323*4325 

2-2A-1 

0*0040 

365.0000 

311*2500 

316*2500 

328*7500 

330*7131 

2-2A-2 

0*0060 

388*7500 

318*7500 

325.0000 

321*2500 

309.1970 

2-2A-3 

0*0080 

422*5000 

325*5000 

323.7500 

309*5000 

303*5464 

2-3A-1 

0*0061 

412.5000 

316*2500 

310*0000 

320*0000 

315*6084 

2-3A-2 

0*0082 

422.5000 

328.7500 

290.0000 

306*2500 

326*2573 

2-3A-3 

0*0134 

453.7500 

337.5000 

301*2500 

320*0000 

311*3704 

2-3A-4 

0*0113 

435.0000 

330.0000 

305*0000 

335.0000 

307.3497 

2-3A-5 

0*0093 

410*0000 

315.0000 

310.0000 

330*0000 

305*1764 

2-3A-6 

0*0081 

420*0000 

313.7500 

318.7500 

328*7500 

302*8944 

2-3A-7 

0*0040 

375*0000 

294.0000 

300*0000 

295*0000 

296*0484 

2-3A-8 

0*0050 

360*0000 

297.0000 

315*0000 

310*0000 

292*1364 

2-3A-9 

0*0060 

392*0000 

305.0000 

318*0000 

315*0000 

302*5684 

2-1B-1 

0*0039 

385*0000 

325.0000 

305*0000 

345*0000 

285*6163 

2-1B-2 

0*0086 

396.2500 

315*0000 

305.0000 

343.7500 

323*8671 

2-1B-3 

0*0158 

436*2500 

333.7500 

307.0000 

336.2500 

302*0250 

2-1B-4 

0*0196 

411*2500 

326*2500 

303<,7500 

333.7500 

306*6978 

2-1B-5 

0*0119 

397*2500 

311*2500 

300.0000 

335.0000 

300*2864 

2-1B-6 

0*0160 

416*2500 

330.0000 

297.5000 

317.5000 

303*1117 

2-1B-7 

0*0200 

407*5000 

326*2500 

300.0000 

331*2500 

305.3937 

2-1B-8 

0*0160 

371*2500 

297.5000 

296*2500 

318.7500 

303*4378 

2-1B-9 

0*0200 

407.5000 

332*5000 

295*0000 

330*0000 

305*5023 

Table  XVI.  Sample- Gas  Transfer  Line  Temperature  Data  (Continued) 


TEST 

FA 

TSG1 

5-16-1 

0.0040 

416.2500 

5-1B-2 

0.0081 

455.7500 

5-10-3 

0.0101 

477.5000 

5-10-4 

o;oo6i 

442.5000 

5-1A-1 

0.0070 

366.5000 

5-1A-2 

0.0087 

381.2500 

5-1A-3 

0.0100 

360.0000 

5-1A-4 

0.0051 

362.5000 

5-1A-5 

0.Q060 

370.0000 

5-1 A-6 

0.0082 

416.2500 

5-1A-7 

0.0071 

405.0000 

5-1A-8 

0.0060 

396.2500 

5-1A-9 

0.0101 

450.0000 

5-1A-10 

0.0121 

455.0000 

5-1A-11 

0.0060 

365.0000 

5-1A-12 

0.0049 

350.0000 

5-2A-1 

0.0081 

393.7500 

5-2A-2 

0.0100 

405.2500 

5-2A-3 

0.0059 

399.2500 

5-2A-4 

0.0079 

400.0000 

5-2A-5 

0.0068 

395.0000 

5-2A-6 

0.0055 

390.0000 

5-2A-7 

0.0063 

400.0000 

5-3A-1 

0.0083 

422.5000 

5-3A-2 

0.0062 

400.0000 

5-3A-3 

0.0102 

440.2500 

5-3A-4 

0.0054 

390.0000 

5-3A-5 

0.0057 

400.0000 

5-3A-6 

0.0067 

405.0000 

5-4A-1 

0*0080 

417.0000 

5-4A-2 

0.0099 

428.2500 

5-4A-3 

0.0050 

374.0000 

3-4A-4 

0.0054 

383.7500 

5-4A-5 

0.0059 

379.2500 

TSG2 

TSG3 

TSG4 

313.7500 

331.2500 

346.2500 

330.7500 

310.0000 

308.7500 

345.5000 

290.0000 

291.2500 

321.2500 

307.5000 

303.7500 

298.0000 

347.2500 

349.0000 

334.5000 

315.7500 

323.0000 

290.0000 

290.0000 

252.0000 

297.5000 

300.0000 

315.5000 

300.0000 

300.0000 

315.0000 

321.2500 

300.0000 

352.5000 

315.0000 

280.0000 

335.0000 

310.0000 

275.0000 

344.5000 

345.0000 

286.2500 

362.5000 

370.0000 

303.3333 

333.3333 

280.0000 

300.0000 

325.0000 

270.0000 

300.0000 

325.0000 

307.5000 

328.0000 

392*5000 

306.7500 

339.5000 

363.0000 

315.0000 

346.0000 

326.0000 

305.0000 

325.0000 

310.0000 

300.0000 

330.0000 

320.0000 

290.0000 

330.0000 

325.0000 

305.0000 

337.0000 

325.0000 

321.2500 

332.5000 

326.2500 

310.0000 

342.5000 

352.5000 

333.5000 

338.0000 

330.2500 

290.0000 

330.0000 

330.0000 

285.0000 

335.0000 

330.0000 

295.0000 

335.0000 

330.0000 

315.0000 

310.2500 

353.0000 

335.5000 

321.5000 

334.2500 

300.0000 

323.5000 

326.0000 

315.0000 

324.7500 

326.2500 

321.2500 

326.2500 

332.0000 

HCAT1 


200.2916 
331.4738 
347.6652 
332.7778 
284.6383 
301.8078 
304.3070 
302.1337 
303.8724 
283.1170 
324.3018 
315.0651 
313.7611 
320.3898 
303.4378 
294.3097 
232.5868 
2 32.1522 
247.0395 
268.2296 
277.3577 
260.8402 
269.0990 
242.9101 
270.4030 
315.6084 
314.7391 
316.4778 
313.0005 

280.2916 
336*2551 
313.8698 
286*9203 
283.2257 
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Table  XVI.  Sample- Gas  Transfer  Line  Temperature  Data  (Continued) 


TEST 

FA 

TSG1 

5-3A-1 

0*0084 

419.0000 

5-5A-2 

0*0105 

443.0C00 

5-5A-3 

0.0073 

407.0000 

5-5A-4 

0.0075 

407.0000 

5-5A-5 

0*0076 

407.0000 

5-5A-6 

0.0078 

413.0000 

5-7A-1 

0*0080 

402*5000 

5-7A-2 

0*0118 

406.7500 

5-7A-3 

0.0157 

440.0000 

5-7A-4 

0*0228 

442.5000 

5-7A-5 

0*0086 

412*5000 

5-7A-6 

0*0043 

367.5000 

5-7A-7 

0*0086 

408.7500 

5-7A-8 

0.0079 

393.0000 

5-7A-9 

0.0050 

373*7500 

5-8 A- 1 

0*0085 

426*2500 

5-8A-2 

0.0129 

442.5000 

5-8A-3 

0.0173 

451.2500 

5-8A-4 

0.0241 

528.7501 

5-8A-5 

0.0075 

265( 0000 

5-8A-6 

0.0072 

260.0000 

5-8A-7 

0.0066 

255.0000 

TSG2 

TSG3 

TSG4 

330.5000 

331.7500 

240*0000 

345.0000 

325.7500 

233.7500 

320.0000 

325*0000 

235*0000 

320.0000 

325,0000 

240*0000 

320.0000 

330*0000 

260.0000 

325.0000 

326*2500 

375.0000 

308.7500 

286.7500 

357.5000 

319.7500 

306.5000 

340*0000 

339*2500 

309.2500 

319*2500 

341*7500 

308.0000 

297.5000 

343*0000 

293*7500 

296*2500 

310.0000 

295.0000 

325*0000 

342*5000 

297*0000 

329.2500 

331*2500 

286.2500 

300*0000 

315.5000 

2 96.2500 

327.5000 

338*7500 

306*2500 

347.5000 

341*2500 

317.5000 

355*0000 

351.2500 

322*5000 

350.0000 

391*2500 

325.0000 

340.0000 

215,0000 

315*0000 

335.0000 

210*0000 

315*0000 

335.0000 

205.0000 

315.0000 

335.0000 

HCAT1 


266*4469 

293*8750 

297.3524 

299*0911 

292*1364 

293.0057 

242*2582 

300.1777 

339*0805 

344*1878 

283*5516 

286*0510 

290*7236 

317*5645 

315.9345 

264*2090 

266*8117 

246*4962 

236*5635 

243*0189 

237.8028 

230*8481 
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Table  XVI.  Sample-Gas  Transfer  Line  Temperature  Data  (Continued) 


TEST  FA  SITl  HCATl 


1-1A-1 

0*0039 

1-1A-2 

0*0080 

1-1A-3 

0*0083 

1-1 A -4 

0*0039 

1-1A-5 

0*0122 

1-1A-6 

0*0183 

1-1A-7 

0*0120 

1-1A-8 

0*0121 

1-1A-9 

0*0123 

i-lA-10 

0*0040 

1-lA-il 

0*0039 

1-1A-12 

0*0027 

1-1A-13 

0*0067 

1-1A-14 

0*0080 

1-1A-15 

0*0060 

1-1A-16 

0*0039 

1-1A-17 

0*0123 

1-1A-18 

0*0165 

1-1A-19 

0*0188 

1-1A-20 

0*0081 

373*8539  389*9367 
404*1720  387*3286 
326*3665  306*9151 
312*5657  302*8944 
313*0004  306*8064 
317*0211  312*2398 
356*8579  301*8076 
275*0757  342*8838 
353*4246  336*4724 
352*0119  351*5772 
335*0598  333*4298 
329.7351  357.4452 
339*0805  326*5838 
274.4236  314.7390 
314*6304  336*6898 
356*0325  321*5851 
356*7932  364*9432 
340*6018  344*7311 
323*9757  330*9304 
318*5424  318*2164 
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APPENDIX  VIII 


MEASURED  TEST  DATA 


Table  XVII  contains  measured  data  for  tests  conducted  on  combustors  A 
and  B  during  Phase  II.  The  operating  variables  listed  are  Test  No. ,  FA,  TT3, 
PT3,  VREF,  and  LPL. 
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APPENDIX  VIII 


MEASURED  TEST  DATA 

Table  XVII  contains  measured  data  for  tests  conducted  on  combustors  A 
and  B  during  Phase  II.  The  operating  /ariables  listed  are  Test  No. ,  FA,  TT3, 
PT3,  VREF,  and  LPL. 


Table  XVII.  Measured  Test  Data 


TEST 

FA 

TT3 

1-1A-1 

0.0039 

397.5000 

1-1A-2 

0.0080 

399.1666 

1-1A-3 

0.0063 

400.0000 

1-1A-4 

0.0039 

396.6666 

1-1A-5 

0.0122 

396.6666 

1-1A-6 

0.0183 

396.6666 

1-1A-7 

0.0120 

402.3333 

1-1A-8 

0.0121 

400.0000 

1-1A-9 

0.0123 

397.5833 

1-1A-10 

0.0040 

403.3333 

1-lA-ll 

0.0039 

400.0000 

1-1A-12 

0.0027 

395.0000 

1-1A-13 

0.0067 

390.0000 

1-1A-14 

0.0080 

400.0000 

1-1A-15 

0.0060 

407,0833 

1-1A-16 

0.0039 

404.5833 

1-1A-17 

0.0123 

400.0000 

1-1A-18 

0.0165 

400.0000 

1-1A-19 

0.0168 

406.6666 

1-1A-20 

0.0031 

400.0000 

1-IH-1 

0.0082 

400.0000 

1-IH-2 

0.0038 

400.0000 

1-1B-3 

0.0122 

395.2500 

1— 1H— 4 

0.0041 

395.0000 

i-iH-5 

0.0083 

395.0000 

1-1H-6 

0.0125 

395.0000 

1-1B-7 

0.0189 

400.0000 

l-lfi-8 

0.0200 

400.0000 

1-1H-9 

0.0122 

402.0000 

1-1B-10 

C.0165 

400.0000 

1-lH-H 

0.0084 

405.0000 

1-1B-12 

0.0082 

250.0000 

1-1B-13 

0.0083 

395.0000 

1-18-14 

0.0084 

245.7500 

1-18-15 

0.0082 

245.0000 

1-18-16 

0.0081 

400.0000 

1-1B-17 

0.0061 

410.0000 

1-1H-18 

0.0102 

400,0000 

1-1H-19 

0.0082 

400.0000 

1-1H-20 

0.0062 

400.0000 

PT3 

VREF 

LPL 

14.8071 

109.0100 

1.5607 

14.7071 

109.5554 

1.9018 

15.2066 

104.5762 

1.8201 

15.2068 

105.2934 

1.8186 

15.3068 

105.4227 

1.8838 

15,4067 

104,1490 

1.9671 

15*4068 

105.2706 

1.8801 

15.4067 

103.9805 

lc8113 

15.3442 

103.9606 

1*8202 

15.2067 

105.1596 

1.7892 

15.2068 

106.0094 

1.8463 

15.2067 

104.6763 

1.7541 

15.1068 

104.9614 

1.7767 

15.2565 

103.2986 

1.7924 

15.2067 

105.3431 

1.7926 

15.1317 

105.6971 

1.7892 

15.2067 

104.8283 

1.8357 

15*3066 

104,0760 

1*8875 

15.5066 

103.3529 

1.8873 

15.3068 

105.0962 

1.8407 

15.4066 

103.5378 

1.7934 

15,2319 

106.5658 

1.8156 

15.4068 

104.5276 

1.8330 

16.0142 

147.9809 

3.4306 

16.0639 

146.1865 

3.3984 

16,1890 

14c. 0898 

3.4955 

15. 6064 

101,3933 

1.8161 

15.3066 

103.0721 

1.8789 

15.4068 

104.9705 

1*8279 

15.5066 

103.3026 

1.8860 

16.7196 

171.2228 

4.5136 

15.1545 

78.5513 

1.2579 

15.0035 

76.9858 

1.0062 

15.4074 

99.2096 

1.9248 

16.0134 

130.5596 

3.3383 

15.4067 

104.0196 

1.7355 

15.4066 

104.2829 

1.7172 

15.4067 

104.4922 

1.7405 

15.4066 

103.6038 

1.7690 

15.4066 

103.6258 

1.7596 
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Table  XVII.  Measured  Test  Data  (Continued) 


TEST 

FA 

TT3 

4-1A-1 

0.0062 

398.7500 

4-1A-2 

0.0084 

400.0000 

4-1A-3 

0.0039 

393.7500 

4-1 A-4 

0.0102 

395.0000 

4-1A-5 

0.0080 

405.0000 

4-1A-6 

0.0039 

405,0000 

4-1A-? 

0.0102 

405.0000 

4-1A-8 

0.0061 

400.0000 

4-1A-9 

0.0085 

402.5000 

4-1A-10 

0.0125 

400.0000 

4-1A-11 

0.0166 

405.0000 

4-1A-12 

0.0206 

405.0000 

4-1A-13 

0.C064 

405.0000 

4-1A-14 

0.0104 

403.0000 

4-1A-15 

0.0163 

405 .0000 

<• 

1 

> 

1 

0.0124 

403.0000 

4-1A-17 

0.0166 

400.0000 

4-1 A-l A 

0,0208 

400.0000 

4-1A-1S* 

0.0146 

400.0000 

4-1 A -2 y 

0.0076 

400.0000 

3-1A-1 

0.0072 

400.0000 

3-1A-2 

0.0092 

4J0.000C 

* 

< 

1 

0.0124 

400.0000 

« 

> 

1 

r- 

0.0144 

400.0000 

3-1A-5 

0.0C.2 

400 ,0000 

3-1A-6 

O.f*  .3.' 

400. 0000 

2-1A-1 

0  O051' 

405.0000 

2-1A-2 

0.009 . 

395.0000 

2-1A-3 

0  •  U  1  *  ^ 

395.0000 

2-1A— 4 

u.0 162 

396.0000 

2-1A-5 

0.0196 

395.0000 

2-2A-1 

0 .0040 

395.0000 

2-2A-2 

0.0060 

395.4166 

2-2A-3 

0.0080 

406.6666 

MT3 

VKtF 

LPL 

15.4066 

103.3657 

1.5984 

15.4066 

103.9347 

1.6184 

15.2318 

105.7094 

1.6326 

15.3317 

104.3135 

1.6489 

15.4067 

104.9061 

1 .6284 

15.3068 

105.5062 

1.6301 

15.3318 

105.3779 

1.6769 

15.4069 

103. 7051 

1.6483 

15.3067 

104.7816 

1.6319 

15.4066 

103.8295 

1.6934 

13.4067 

104.9174 

1.7940 

15.6066 

102.9732 

1.9017 

15.2068 

106.0195 

1.6265 

15.4068 

105.4024 

1.6809 

15.4068 

105.4024 

1.8355 

15.4068 

105.4290 

1.7168 

15.4066 

103.7283 

1.7537 

15.5066 

103.0598 

1,8485 

15.4066 

103.8499 

1.7054 

15.4066 

103.8499 

1.5984 

15.3066 

104.2314 

1.6146 

15.3067 

104.4951 

1.6299 

15.3067 

104.5189 

1.6631 

15. 4066 

103.8627 

1.6800 

15.3067 

104.5366 

1.6342 

15.3067 

104,5366 

1.6888 

15.3318 

105.6529 

1.6888 

15*4067 

103.6851 

1 .6546 

15.4066 

103.6938 

1*7028 

15.5066 

102.9525 

1.7654 

15.5066 

102.9525 

1.8303 

15.1880 

105.6865 

1.6453 

15.2067 

104,8535 

1.6563 

15.2818 

106.1722 

1.6903 
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Table  XVII 


Measured  Test  Data  (Continued) 


TEST 

PA 

TT3 

PT3 

VREF 

LPL 

2-3A-1 

0.0061 

402.5000 

15.2067 

104.9825 

1.6654 

2-3A-2 

0.0082 

405.0000 

15.2817 

104.9861 

1.6962 

2-3A-3 

0.0134 

406 .6666 

15.4566 

103.7096 

1.6982 

2-3A-4 

0.0113 

405.0000 

15.5065 

103.0750 

1.7084 

2-3A-5 

0.0093 

409.0000 

15.5065 

103.4675 

1.6652 

2-3A-6 

0.0081 

487.9166 

15.2054 

99.2510 

1.3369 

2-3A-7 

0.0040 

394.3333 

15.2067 

104.5940 

1.6684 

2-3A-8 

0.0050 

394.3333 

15.2067 

104.6146 

1.6735 

2-34-9 

0.0060 

394.3333 

15.2067 

104.6146 

1.6888 

2-1H-1 

0.0039 

405.0000 

15.2068 

106.3324 

1.7253 

2-1B-2 

0.0086 

406.2500 

15.2067 

105.7647 

1.7218 

2-1B-3 

0.0158 

410.0000 

15.5254 

104.0019 

1.8054 

2-1B-4 

0.0196 

407.2500 

15.5816 

103.3556 

1.7524 

2-1H-5 

0.0119 

405.5000 

15.4566 

103.7404 

1.7198 

2-1B-6 

0.0160 

405 .0000 

15.5065 

102.7303 

1.7845 

2-1H-7 

C.Q200 

405.0000 

15.5065 

102.8559 

1.8723 

2-1B-8 

0.QI60 

405.0000 

15.4066 

10  3.8  'j04 

1.7948 

2-1H-9 

0.0200 

405.0000 

15.5066 

103.3342 

1.8698 
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Table  XVII 


Measured  Test  Data  (Continued) 


TEST 

FA 

TT'i 

FT  3 

VREr 

LPL 

5-ln-l 

0.00*0 

400 . OOOG 

15.5C6? 

104.2614 

3,5231 

S-lb-2 

0.0081 

400.0000 

1 5 . 6  Q  6  7 

103.6184 

3,4811 

5-1H-3 

0.0101 

398.7500 

15.7066 

102,6*64 

3, *583 

5-1“-* 

0.0061 

395 .CO 00 

15.6066 

102.5*07 

3.4112 

5-1A-1 

0.0070 

399.0833 

15. 7089 

lib. 950* 

3.5852 

5-1A-2 

0.008? 

396.4166 

15.73*0 

119.0971 

i.5709 

5-1A-3 

0.0100 

396.3333 

15.7089 

118.8355 

3.6252 

5-1*-* 

0.0051 

396.000Q 

15.6715 

119.2710 

3.5*18 

5-1 A-5 

0.0060 

395.0000 

15*7089 

1  lb. 5303 

3.5331 

•O 

$ 

< 

*~4 

1 

%T* 

0.0092 

409.8333 

15,7590 

120.1705 

3.6236 

5-IA-7 

0.0071 

393.3333 

15.7091 

119.602* 

3.6952 

J-1A-H 

0 .0060 

392.0833 

15.7091 

119.6*20 

3.5906 

5-1A-9 

o.oici 

3 90.0 OS C 

15.7Q90 

119.0696 

3.6153 

5-1 A- 10 

0.0121 

392.2222 

15.8090 

118.9251 

3 . 6  a  2  0 

5-1  a- ;  i 

0 . 0060 

39-j.OOOC 

15.7089 

1 18.2182 

3 » 616  j 

b-lA-i? 

0.00*9 

393.0000 

15.7089 

H8. 2536 

3.5923 

5-2A-1 

0.0081 

403. 7600 

16.0091 

1 19.6149 

*  r  1  *  1  9 

5-2* -2 

0*0100 

39-.23O0 

15.8077 

109. 7797 

j.362? 

5-2A-3 

0.0059 

392.2600 

15.7077 

1  10.503* 

3.6156 

5  —  2  a—* 

0.0079 

395 . 0000 

15,7079 

111.7301 

3.6912 

5-2A-A 

0  *  J  Q  6  8 

396.0000 

15.7079 

111.6636 

3.6330 

5-2  A  —  A 

0,0055 

395.0O0C 

15.7079 

Ul.  7301 

?.6?15 

5-2A-7 

0  *  0  06 3 

393 . CoOC 

15.7Q79 

a  a  47a 

3.69*4 

5-3A-1 

0.0083 

*  2  0  *  'v  v  v  0 

15*6822 

1C9»  37*6 

3.48 79 

5-3A-2 

0.0062 

*20.000r 

15.6323 

109.670* 

i  .  *  5  2  5 

5-34-3 

0.3102 

*08,0000 

15,7823 

107.9**2 

3.*1?7 

5—3  A  —  a 

0.005* 

*0  6.  vv-OC 

15.6073 

108.671* 

3.5098 

5-3 A— f 

0.0057 

*10.0000 

15,8073 

108.210* 

3  » ■*&  1  6 

5-3A-6 

0 . 0C6  7 

*  1  v  .  *  00 

15.8073 

1C  7.9SC9 

3.5075 

5-4A-1 

3.0C8O 

393.3333 

15.6138 

109,4012 

3.3255 

5  —  A  A  —  Z 

0 . 0C99 

393,1666 

15.7075 

1U8.821 7 

3.*972 

5-4A-3 

0.CO5C 

396,8333 

15.6076 

109.872? 

3.3015 

5— A  *'»  — A 

0.005* 

39*.9166 

15.6075 

108.8903 

3  .  *  8  5  3 

V*' 

I 

r 

> 

i 

VT 

0 • CC59 

396.7500 

15.707* 

108.2*06 

3  .  *  3*6 

*59 


"■#r*vw W-, 


Table  XVII.  Measured  Test  Data  (Continued) 


TEST 

FA 

;  :  J 

PT3 

VRLF 

LPL 

5—5  A-  X 

2  *  -jfrSA 

<*01.2500 

16.1810 

96.2729 

7.0805 

5-5A-? 

0.0105 

901.6666 

16.2060 

96.1657 

7.0729 

A  *■*  A  A  rt.  "3 

0.0073 

901 *6666 

16.1060 

90.7063 

7.1198 

A  —  *♦ 

0.0076 

901.6666 

16.1060 

96.5395 

7.1100 

6-5A-* 

v*G0?6 

9J  1.6666 

16, 1060 

96.8191 

7.1199 

5  -  5 -  6 

0,007? 

900.9166 

16. 1059 

96.2650 

7 .06  5  6 

5-7*.-  i 

0 • 008 0 

909,0000 

15.6579 

109.2226 

3.6855 

/  A‘-0 

;.vU8 

939  ,.'30  33 

15.7079 

109.1231 

3.7070 

5  -  ■?  A  -  3 

0.0157 

- 05  « 0QGC 

15*8072 

10  7. 0  96 C 

3,  7  202 

5-7a-<. 

D.G228 

905 .0000 

16.0073 

106.9393 

3.7971 

D  «  0056 

900. 000 c 

15.6136 

10  8.895*. 

3  *  7  2  C  a 

6-Tm-A 

C.Q0O 

9  0  0 . 0  C  0  c 

15,6075 

109.292s 

3.7118 

5-7A-? 

0. 0006 

900.0000 

15.6079 

108.6929 

3.7069 

5-7 '  — 

•>  '-oa 

v  •  w  so  '7 

9  -j  i  v  J  ■-■ 

1 5  •  6  C  7  9 

109, 0 0  7  a 

3.7512 

5-  J-v-9 

*’3  -i  n  £  •- 

u  «  v  V  *  -* 

—  v  0 . 0  0  0  C 

45.6079 

109,2  55  7 

3. ??«2 

5-8  --i 

0  *0085 

900.6666 

15.6560 

98. 2  3V 7 

3.7237 

*•* 

1 

*r 

Oj 

f 

bA 

0.0129 

/  •.  •  . .. 

**  V  V  •  u  V  «’  V 

15,7058 

95.9301 

3. 5092 

8-8  5.-3 

G.Gl^J 

9 •„•  v  *05 0  -• 

15.7907 

9  5  *  C  5  3  6 
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APPENDIX  IX 


UHC  EMISSION  CONCENTRATION  DATA 

Table  XVIII  contains  data  on  UHC  emission  concentrations  obtained  during 
tests  on  combustors  A  and  B  during  Phase  II. 
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Table  XVIII.  UHC  Emission  Concentration  Data 


TEST 

FA 

HCTOA 

HCTPW 

HCTDX 

1-lA-l 

0.0039 

1-1A-2 

0.0080 

1-1A-3 

0.0083 

1-1A-4 

0.0039 

1-1A-5 

0.0122 

1-1 A-6 

0.0183 

1—1 A— 7 

0.0120 

1-1A-8 

0.0121 

1-1 A-9 

0.0123 

1-1A-10 

0.0040 

61.6251 

34.1080 

8.5427 

1-1A-11 

0.0039 

56.9303 

31.5095 

8.0023 

1-1A-12 

0.0027 

80.5619 

44.3891 

16.2092 

1  —  1 A  —  1 3 

0.0067 

9*3200 

5.4351 

0.8161 

1-1A-14 

0.0080 

3.7074 

2.0519 

0.2585 

1-1A-15 

0.0060 

14.2497 

7.8869 

1.3281 

1-1 A— 16 

0.0039 

59.1249 

32.7242 

8.3887 

1-1A-17 

0.0123 

2.1137 

1.1699 

C.0975 

1-1A-18 

0.0165 

11.759? 

6.5085 

0.4054 

1  —  1 A  - 1 9 

0.0188 

5.6521 

3.1283 

0.1711 

1-1A-20 

O0OC6I 

3.9825 

2.2042 

0.2760 

1-1B-1 

0.0082 

107.5631 

59.5336 

7.3294 

1-1H-2 

0  <  00  38 

102.8424 

56.9208 

15.0356 

1-18-3 

0.0122 

69.2340 

38.3194 

3.2194 

1— IP— 4 

0.0041 

6  5  .694^ 

36.3602 

8.8365 

1-1H-5 

0.0083 

12.S180 

7.0944 

0.8710 

1— IB— 6 

0.0125 

2.5706 

1.4227 

0.1165 

1—1 H— 7 

0.0189 

26.4870 

14.6599 

0.8021 

1-1P-8 

0*0200 

19.3743 

10.7232 

0.5520 

1-1B-9 

0.0122 

51.3671 

2 8.4304 

2.3763 

1 — 1 B  —  1 0 

0.0185 

13.0184 

7.2054 

0.4011 

1-1H-11 

0.0084 

3.9476 

2.1849 

0.2650 

1-1B-12 

0.0082 

948.3106 

524.8675 

65.3201 

1-1B-13 

0.0083 

210.8014 

116.6735 

14.2596 

1  —  1 B — 1 4 

0.0084 

637.7398 

352.9739 

42.8674 

J-1B-15 

0.0082 

264.2197 

146.2393 

18.2194 

1— IB— 16 

0.0081 

192.4040 

106.4911 

13.2804 

1-1B-17 

0.0061 

295.3423 

163.4649 

26.9386 

1-1B-18 

0.0102 

138.7717 

76.8068 

7.7120 

1-1B-19 

0.0082 

19.6973 

10.9020 

1.3547 

1-10-20 

0.0062 

35.6102 

19.7094 

3.2456 
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Table  XVIII 


UHC.  Emission  Concentration  Data  (Continued) 


r 


l 


TEST 

FA 

HCTOA 

HCTP'w 

HCTDX 

4-1A-1 

0,0062 

28.5400 

15 

7962 

2.5913 

4-1A-2 

0,0084 

40.7383 

22 

5477 

2.7644 

4-1 A- 3 

0.0039 

41.4849 

22 

9609 

5.9570 

4-1A-4 

0,0102 

82.5923 

45 

7128 

4.5836 

4-1 A-5 

0.0080 

38.1838- 

21 

1338 

2.6723 

4-lA-ft 

0.0039 

30.8475 

17 

0733 

4.4129 

4-1A-7 

0.0102 

46 . 4606 

25 

7148 

2.5777 

4-lA-fl 

0.0061 

29.2213 

16 

1733 

2.6994 

4-1A-9 

0.0085 

3943.8813 

2182 

8452 

261.6429 

4- 1 A- 1 0 

0.0125 

5097.1836 

2821 

1704 

231.2247 

4-1A-11 

0.0166 

5992.8759 

3316 

9150 

205.9362 

4-1A-12 

0.0206 

6521.4423 

3609 

4638 

180.6336 

4-1A-13 

0.0064 

4002,3051 

2215 

1816 

348.0082 

4-1 A- 1 4 

0.0104 

1462.2795 

809 

3371 

79.5130 

4-1A-15 

0.0163 

5773.3759 

3195 

4272 

200.8321 

4- 1 A- 1 6 

0.0124 

2292.8461 

1269 

0361 

104.6342 

4-1 A- 17 

0.0166 

4278.4550 

2368 

0234 

146.5152 

4- 1 A— 1 8 

0.0208 

5600.8320 

3044 

5800 

150.9718 

4-1A-19 

0.C146 

2052.6923 

1136 

1167 

80.0016 

4-1A-20 

0.0075 

4013.8549 

2221 

5737 

301.3622 

3-1A-1 

0.0072 

64,0760 

35 

4645 

4.9763 

3-1A-2 

0.0092 

57.2497 

31 

6863 

3.5061 

3-1A-3 

0.0124 

52,3652 

28 

9829 

2.4047 

3-1A-4 

0.0144 

41.9885 

23 

2396 

1.6615 

3-1A-5 

0.0042 

58.4228 

32 

3356 

7.8324 

3-1 A-A 

0.0133 

1154,9492 

639 

2369 

49.2080 

2-1A-1 

0.0059 

36,7522 

20 

3414 

3.4871 

2-1A-2 

0.0091 

42,0802 

23 

2904 

2.6174 

2-1 A-3 

0.0132 

23.3322 

12 

9138 

1.0048 

2-1A-4 

0.0162 

13,6196 

7 

5381 

0.4781 

2-1A-5 

0.0196 

8.7457 

4 

8405 

0.2554 

2-2A-1 

0.0040 

33.2044 

18 

3778 

4.6613 

2-2A-? 

0.0060 

33.5082 

16 

5460 

3.1319 

2-2A-3 

0.0080 

31.2009 

17 

2690 

2.1930 
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Table  XVIII.  UHC  Emission  Concentration  Data  (Continued) 


TEST 

FA 

HCTOA 

HCTPW 

HCTDX 

2-3A-1 

0*0061 

1794.0285 

992.9523 

164.9206 

2-3A-2 

0*0082 

2139*3466 

1184.0776 

147.3393 

2-3A-3 

0.0134 

4935.0976 

2759.1337 

211.2952 

2-3A-4 

0*0113 

4177.0966 

2311*9238 

208  •  9b42 

2-3A-5 

0.0093 

2900.6347 

1605.4328 

176.6095 

2-3A-6 

0.0081 

1872.2080 

1036.2229 

129.7994 

2-3A-7 

0.0040 

1772.7624 

981.1821 

248.2805 

2-3A-8 

0.0050 

1969.6835 

1090.1733 

219.2986 

2-3A-9 

0 .0060 

2124.5312 

1175.8776 

198.0233 

2-1H-1 

0.0039 

39.8226 

22.0408 

5 .6666 

2-1B-2 

0.0086 

2964.1074 

1640.5634 

194.3981 

2-1h-3 

0.0158 

6020.2588 

3332.0708 

217.0537 

2-1H-4 

0.0196 

5115.9082 

2831.5336 

148.9452 

2-1H-5 

0.0119 

2273.1157 

1258.1157 

100.1560 

2-1B-6 

0.0160 

3946.9589 

2184.5483 

140.1850 

2-1H-7 

0.0200 

4367.7597 

2417.4516 

125.1784 

2-1H-8 

0.0160 

1087.0524 

601.6578 

38.6364 

2-1B-9 

0.0200 

2260.2548 

1250.9975 

64.6360 
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Table  XVIII 


UHC  Emission  Concentration  Data  (Continued) 


TEST 


5-1B-1 

5-1H-2 

5-ltJ  *3 

5-1B-4 

5-1A-1 

5-1A-2 

5-1A-3 

5-1A-4 

5-1A-5 

5-1A-6 

S-1A-7 

5-1A-3 

5-1A-9 

5-1A-10 

5-1A-11 

5-1A-12 

5-2A-1 

5-2A-2 

5-2A-3 

5-2A-4 

5-2A-5 

5-2A-6 

5-2A-7 

5-3A-1 

5-3A-2 

5-3A®3 

5-3A-* 

5-3A-5 

5-3A-6 

5-4A-1 

5-4A-2 

5-4A-3 

5 "4 A *4 

5-4A-5 


FA 


0  *0040 
0.0081 
0.0101 
0.0061 
0.0070 
0.0087 
0.0100 
0.0051 
0.0060 
0.0082 
0,0071 
0.0060 
0.0101 
0.0121 
0.0060 
0.0049 
0.0081 
0.0100 
0.0059 
0.0079 
0.0068 
0,0055 
0.0063 
0.0083 
0,0062 
0,0102 
0.0054 
0.0057 
0.0067 
0.0080 
0.0099 
0.C050 
0.0054 
0.0059 


iiCTCA 


14,6459 
3.4013 
2,7831 
3.5222 
13.3096 
9.0132 
0.9322 
390.0789 
10.1085 
2.8729 
3.0592 
8,5623 
1.5277 
1.3530 
5.0665 
38.2730 
1.8261 
0.2474 
1.4982 
2.2493 
2.0760 
55.1406 
0.2011 
2.7599 
3.1727 
2.5807 
19.2937 
2.9650 
2.2249 
1.9240 
1.3915 
27.0068 
17,0128 
1 . 3444 


HCTPW 


8.1062 
1.8825 
1.5404 
1.9494 
7.3666 
4. 9886 
0.5159 
215.8994 
5.5948 
1.5901 
1.6932 
4.7390 
0.0455 
0.7493 
,2.8042 
21.1836 
1.0107 
0.1369 
0.8292 
1*2449 
1.1490 
30.5234 
4.5391 
1.5275 
1.7560 
1.4283 
10.6786 
1.6411 
1.2314 
1.0653 
0.7701 
14.9476 
9.4162 
0.7441 


HCTDX 


2.0598 
0.2365 
0.1550 
0.3238 
1.0736 
0.5848 
0.0526 
42.6446 
0.9380 
0.1976 
0.2410 
0.7965 
U .0853 
0.0635 
0.4754 
4.3476 
0.1271 
0,0140 
0.1421 
0.1604 
0.1710 
5.6414 
0.7261 
0.1380 
0,2877 
0.1427 
2*0121 
0.2907 
0,1859 
0.1343 
0*0766 
3.0073 
1.7495 
0.1258 
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Table  XVIII, 


UHC  Emission  Concentration  Data  (Continued) 


TEST 


5-5A-1 

5-5A-2 

5-5A-3 

5-5A-4 

5-5A-5 

5-5 A— 6 

5-7A-1 

5-7A-2 

5-7A-3 

5-7A-4 

5-7A-5 

5-7A-6 

5-7A-7 

5-7A-8 

5-7A-9 

5-8A-1 

5-8A-2 

5-8A-3 

5-8A-4 

5-8A-5 

5-8A-6 

5-8 A -7 


FA 


0*0084 

0*0105 

0.0073 

0.0075 

0.0076 

0.0078 

0.0080 

0.0118 

0.0157 

0.0228 

0.0086 

0.0043 

0.0066 

0.0079 

0.0050 

0.0085 

0.0129 

0.0173 

0.0241 

0.0075 

0.0072 

0.0066 


HCTOA 


1.3475 

0.4589 

18.6228 

11.017y 

8.3981 

3.8806 

4.6276 

31.7289 

38.5893 

13.2895 

62.1974 

10.2758 

37.3513 

262.4821 

93.2510 

4.7737 

6.6659 

8.4945 

12.1430 

5.2859 

4.5969 

7.5090 


HCTPW 


0.7458 
0.2540 
10. ^73 
6.0981 
4.6481 
2.1478 
2.5613 
17.5612 
21.3582 
7.3554 
34.4248 
5.6874 
20.6730 
145.2776 
51.6122 
2,6421 
3.6894 
4.7015 
6,7208 
2.9256 
2.5443 
4.1561 


HCTDX 


0.0906 

0.0246 

1.4306 

0.8227 

0.6209 

0.2782 

0.3274 

1.5215 

1.3937 

0.3333 

4.0745 

1.3422 

2.4551 

18.6332 

10.4697 

0.3157 

0.2936 

0.2795 

0.2890 

0.3943 

0,3605 

0.6340 
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APPENDIX  X 


CO  EMISSION  CONCENTRATION  DATA 

Table  XIX  contains  data  on  the  CO  emission  concentrations  obtained  during 
tests  on  combustors  A  and  B  during  Phase  II. 


Table  XIX.  CO  Emission  Concentration  Data 


TEST 

FA 

C00A 

copw 

CODX 

1-1A-1 

0.0039 

1-1A-2 

0.0080 

1-1A-3 

0.0083 

1-1 A“4 

0.0039 

1—1 A— 5 

0.0122 

1-1A-6 

0.0183 

1-1A-7 

0.0120 

1-1A-8 

0.0121 

1-1A-9 

0.0123 

1—1 A— 10 

0.0040 

436.4757 

421.9194 

105 

6740 

1-1A-11 

0.0039 

572.7857 

553.6835 

140 

616 1 

1-1A-12 

0.0027 

268,4751 

259.5216 

94 

3424 

1-1A-13 

0.0067 

203.185? 

196,4096 

29 

4945 

1-1A-1A 

0.0080 

297.1625 

287,2523 

36 

1978 

1-1A-18 

0.0060 

335.6276 

324,4346 

54 

6336 

1-1A-16 

0.0039 

435. 0U  8 

420.5043 

107 

7944 

1-1A-17 

0.0123 

439.0335 

424.3919 

35 

4045 

i-lA-18 

0.0163 

594.3217 

574,5013 

35 

7853 

1-1A-19 

0.0188 

653.1143 

631.3332 

34 

5410 

1-1A-20 

0.0081 

344,7686 

333,2708 

41 

7410 

1-1H-1 

0.0082 

478.1499 

462,397 2 

56 

9276 

1-1M-2 

0.0038 

404,1546 

390.6762 

103 

1967 

1-1H-3 

0.0122 

520,9436 

503.5702 

42 

3080 

1-1H-4 

0.0041 

520.4455 

503.0888 

122 

2646 

1-1H-5 

0*0083 

464,0108 

448.5363 

55 

0694 

l-lb-6 

0.0125 

560.7419 

542.0413 

44 

4070 

1-1H-7 

0.0189 

559,4590 

540.8021 

29 

5925 

1-lH-fl 

0.0200 

690*6223 

667*5905 

34 

3691 

1-IH-9 

0.0122 

443.8099 

429.0090 

35 

8586 

1-llt-lU 

0.0185 

600,3560 

580.3343 

32 

30?S 

1-lH-ll 

0.0084 

529.0120 

511.3704 

62 

0334 

1-lH-l 2 

0.0082 

747.6822 

722,7474 

89 

9463 

l-lb-13 

0,0083 

387,7640 

374.8322 

45 

8113 

1-1H-14 

0.0084 

716.5463 

692.6499 

84 

1199 

1-1H-15 

0,0082 

1-1H-16 

0.0081 

867.1156 

838.19?6 

104 

5312 

1-1H-17 

0.0061 

750.1453 

725.1284 

119 

4996 

1-1B-18 

0.0102 

971.6640 

939.2594 

94 

3098 

1-lH-iV 

0*0082 

546.1646 

527,9503 

65 

6038 

l-la-20 

0.0062 

491.3258 

475.1336 

78 

2437 
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Table  XIX.  CO  Emission  Concentration  Data  (Continued) 


TEST 

FA 

COOA 

COPW 

coox 

4-1A-1 

0.0062 

251.7602 

243.3641 

39.9234 

4-1A-2 

0.0084 

392.6242 

379.5303 

46.5318 

4-1A-3 

0.0039 

4-1A-4 

0.0102 

4*‘1A**5 

0.0080 

371.2796 

358.8976 

45.3817 

4-1A-6 

0.0039 

142.5090 

137.7563 

35,6057 

4-1A-? 

0.0102 

482.9884 

466.8809 

46.8016 

4-1A-8 

0.0061 

246.8308 

238.3991 

39.8244 

4-1A-9 

0.0085 

1248.7553 

1207.1098 

144.6861 

4-1A-10 

0.0125 

1996.8090 

1930.2163 

158.2016 

4-1A-U 

0*0166 

2783,9072 

2691.0649 

167,0793 

4*»1  A«»l  2 

0,0206 

3450,4516 

3135.3803 

166,9173 

4-1A-13 

0.0064 

607*7718 

587.5029 

92.2975 

4-1A-I4 

0,0104 

1121.1391 

1083.7495 

106.4  726 

*  4-1A-1S 

0.0163 

27*3.1528 

2661.3359 

167.2645 

4-1A-16 

0.0124 

1318.6616 

1274, 7043 

105.1015 

4-lA-l? 

0.0166 

2220*3295 

2146.2822 

132.7955 

4-lA-Jft 

0.0206 

3029.7V 2 4 

2928.75UO 

145.2282 

4-1A-19 

0.0146 

1418*3413 

1371.0402 

96.5442 

4»1  A>»2C 

0.0075 

1053,4670 

1018.3342 

138,1396 

3-1A-1 

0.0072 

233*8909 

226.090? 

31*7246 

3<*1A*»2 

0,0092 

336.8951 

327.5930 

36.2487 

3-1A-3 

0,0124 

349,8973 

579,8909 

48  *1136 

3-IA-4 

0.0144 

606,8734 

779,9665 

55.7649 

3»lA»5 

0.0C42 

169.0369 

163.4208 

•  39.5841 

3-*lA-6 

0.0133 

1190.2858 

1150.5903 

58.5716 

2-lA-l 

0.0059 

174,3501 

168.5356 

28.8924 

2-1A-? 

0.0091 

309,1412 

298,8314 

33.5835 

2-lA~jS 

0*0132 

620.3923 

599.7025 

46.6637 

2* IA-4 

0.0162 

386.3471 

856.7878 

54,3479 

2-1A-5 

0.0196 

1  167.8024 

1126.8566 

■59.5773 

2«2A-1 

0.0040 

126.3973 

122.1825 

30,9902 

2-2A-? 

0.0060 

230.2230 

222.6418 

37.5989 

2-2A-3 

o.ootjo 

376.332? 

365,7150 

46 ,4437 
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Table  XIX.  CO  Emission  Concentration  Data  (Continued) 


TEST 

FA 

C00A 

COPW 

CODX 

2-3A-1 

0*0061 

567.9292 

548.9688 

91*1822 

2-3A-2 

0*0082 

519.4078 

502*085? 

62.4764 

2-3 A- 3 

0.0134 

1043.6650 

1008.6591 

77.258? 

2-3A-4 

0.0113 

673*1102 

652*5955 

56.9851 

2-3A-3 

0.0093 

554,0106 

535.5343 

58.9127 

2-3A-6 

0.0081 

416.1895 

402*3097 

50.3941 

2-3A-? 

0.0040 

445*0803 

430.2370 

108,8681 

2-3A-8 

0.0050 

608*4742 

588.1818 

118.3183 

2-3A-9 

0.0060 

626.3504 

605.4619 

101.9626 

2-10-1 

0.0039 

244*8340 

236*6689 

60.8474 

2-1B-2 

0.0086 

•  790, 3710 

764.2038 

90*5543 

2-1H-3 

0.0158 

1740.4938 

1682*4492 

109*3960 

2-18-4 

0.0196 

1923.5141 

1661,2990 

97.9086 

HH-5 

0.0119 

1062,0209 

1026*6030 

88,2536 

2-18-6 

0.0160 

1622.2895 

1566*1070 

100*6324 

2-18-7 

0.0200 

1895.0461 

1831.8*71 

94,8551 

2-18-8 

0.0160 

1321.228? 

1277.1662 

82,0152 

2-19-9 

,  0.0200 

1730*6635 

1672.9467 

96*4370 
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Table  XIX.  CO  Emission  Concentration  Data  (Continued) 


TEST 

r  A 

COO  A 

COPW 

Coux 

5-1 h-1 

0*0040 

145.9021 

141.0364 

35.8389 

5*lk-2 

0.0061 

576.1145 

556.9012 

69,9666 

5- IK- 3 

0.0101 

787.2430 

760.9887 

76.6213 

5-1 H-4 

0*0.061 

321.9171 

311* 1612 

51.6966 

5-1 A- 1 

0.0070 

223.4650 

216.0135 

31.4819 

5-1A-2 

0*008? 

393*7067 

380.5767 

44.6174 

5-1A-3 

o.cioo 

431*0436 

4 16*6685 

42*5161 

5-1A-4 

0*0051 

377.3182 

364.7348 

.72*04  28 

5-1A-5 

.  0*0060 

61*1816 

59.H13 

9,9160 

5-1A-6 

0*0082 

273*5105 

264,3890 

32*8573 

5-1A-7 

0*0071 

100*8013 

97*4396 

13*8741 

5-1A-B 

0*0060 

58.9200 

56*9550 

9.5727 

5-1 A-9 

0*0101 

790.8087 

764*4355 

77.1181 

5-1A-10 

0,0121 

1163*2614 

1124.4670 

95*336  7 

5-lA-l  1 

0.0060 

43*6236 

<*7*1955 

8*0019 

5-1A-1? 

0*0049 

143*6502 

140*7925 

28,8959 

5*2 A- 1 

0.0081 

174,1286 

168*3215 

21.1801 

5-2A-2 

0*0100 

489*4195 

473,0975 

48*3851 

5*2a*3 

0.0059 

32*0711 

31*0016 

5,3139 

5-2A-* 

0.0079 

120. U52 

116.1384 

14,9675 

5-2A-5 

0.0068 

48,0040 

46,4031 

6.9091 

5-2A-6 

0*0053 

232.3897 

224,6396 

41,5165 

5*2 A- 7 

O.O063 

36*6226 

35.4012 

5*6636 

5-3A-1 

0.0083 

172.7024 

166*9429 

20,5464 

5*3A-2 

0*0062 

28.7038 

27 .7466 

4,5471 

5-3A-3. 

0*0102 

475.7968 

459.9292 

45,9656 

5*3  A  *4 

0*0054 

64*4789 

62.3285 

11*7446 

5*3 A -3 

0.005? 

23*2362 

22.4613 

3.9800 

5*$A~6 

0.0067 

37*9971 

36.7299 

5.5474 

5*%A*1 

0*0080 

218.3160 

211*0353 

26*6038 

$»4A~2 

0*0099 

495.7892 

479,2548 

48,9272 

5*%A*3 

0.0050 

88*4738 

85,5233 

17*2064 

8— aa— «* 

0*0054 

66*1083 

63,9036 

11*8737 

5-4 A-i 

0*0039 

50*7797 

49.0862 

6.3031 
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Table  XIX.  CO  Emission  Concentration  Data  (Continued) 


TEST 

FA 

COOA 

CQPW 

COOX 

5-5A-1 

0.0084 

152.2807 

147.2022 

17,8848 

5-5A-2 

0<Q105 

467.4956 

451.9049 

43.886 2 

5-5A-3 

0.0073 

153.9501 

148.8159 

20.6559 

5**5A~4 

0.0075 

135.2193 

130.7098 

17.6349 

5-5A-5 

0.0076 

133.0521 

128.6149 

17.1817 

9»5A*6 

0.0078 

132.8690 

128.6379 

16.6365 

5-7A-1 

0.0080 

458.8861 

443.3824 

56.7119 

5-7A-2 

0.QU8 

793.9854 

767.5063 

66.4970 

5-7A-3 

0.0157 

1024.7023 

990.5289 

64,6386 

5»7A-4 

0.0228 

1023.1857 

989.0629 

44,8294 

5-7A-5 

0.0086 

491,6796 

475.2823 

56,2547 

5-7A-6 

0.0043 

196.5562 

190.0011 

44,8423 

5-7A-7 

0,0086 

684,6944 

468.5301 

55,6424 

5-7A-8 

0.0079 

995.0571 

961.8723 

123.2691 

5»7A**9 

0*0050 

529,3753 

511.7208 

103,8042 

5“8A~1 

0*0085 

87.2095 

84.3011 

10,0743 

5-8A-2 

0.C129 

161,0811 

155.7091 

12,3928 

3-8A-3 

0.0H3 

308*8959 

298.5943 

1?,7526 

5**8A*4 

0.0241 

726,697? 

702,4626 

30**12? 

3-8A-3 

0.0075 

79.7546 

77.0948 

10*3916 

5-8A-6 

0.0072 

68.9313 

66.6518 

9,4463 

5-8A-7 

0*3066 

78.6739 

76.0502 

11.6020 
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APPENDIX  XI 


NITROGEN  OXIDE  EMISSION  CONCENTRATION  DATA 


Table  XX  contains  data  on  the  oxides  of  nitrogen  (NO,  NO2  and  NOx) 
emission  concentrations  obtained  during  tests  on  combustors  A  and  B  during 
Phase  II. 


Table  XX.  Nitrogen  Oxide  Emission  Concentration  Data 


TEST 


1-1A-1 
1-1 A-? 
1-1A-3 
1-1 A-4 
1-1 A  -f> 
i- 1 A-6 
1-1A-7 
1-lA-o 
1-1 A-Q 
1-'  -10 
1-  -  . 
l-iA-12 
1-1A-13 
1-1 A- 14 
1-1A-15 
1-1A-16 
1-1 A- 1 7 
1-lA-lfi 
1  - 1 A  - 1 9 
1-1A-70 
1-ld-l 
l-lh-2 
1-1M-3 
l-lh-4 
1-1M-5 
1-lrt-A 
1-1H-7 
1-1 H-8 
l-lH-9 
l-K’.-lu 
1  —  18—1 1 
l-ln-12 
1-18-1 3 
1-18-14 
1-18-15 
1  - 1 1 <  -  1 6 
1  —  1 H  —  1  7 
1-18-16 
1-18-19 
1-18-70 


FA 


0.0039 
0.0080 
0.0093 
0.0039 
0.0 102 
0.0183 
0.0170 
0.0121 
0.0123 
0.0C40 
0,0039 
0.0027 
0.0067 
0.0090 
0.0060 
0.0039 
0.C123 
0.0165 
0.0186 
0,0081 
0.0082 
0,0038 
0.0122 
0.0041 
0.0083 
0.0175 
0.0189 
0.0200 
0.0172 
0.0185 
0.0084 
0.0082 
0.0083 
0.0084 
0.0082 
0,008 1 
0.0061 
0.0102 
0.0082 
0.0062 


\00A 


15.6731 
7.8369 
13.4913 
18. C 834 
13.8772 
10.1333 
24.3397 
30.6460 
29.8328 
17.4496 
6.0525 
0.9524 
7.4903 
1,7968 
11.8935 
13.7640 
21.3159 
23,1245 
14.2380 
22.5111 
7.3081 
4.1075 
12.1843 
3.2641 
1.6126 
11.0407 
8.4069 
12.1879 
13.6717 
14,0653 


WP'.sf 


16.2369 
8.1198 
13.9767 
19.5627 
14.3764 
10.49  78 
25.2153 
31.7495 
30.9059 
18.0773 
6.2702 
0.9867 
7.7597 
1.8615 
12,3214 
14.2591 
22.0927 
23.9564 
14.7502 
23.3209 
7.5710 
4.2552 
12.6226 
3.3815 
1.6707 
11.4379 
8.7093 
12.6264 
14.1636 
14.5713 


4.1236 

2.9513 

2.0988 

2.4651 

2.4210 

2.6910 

2.1035 

1.9775 

1.6909 

2.2641 

0.771V 

0.2606 

0.6519 

0.4524 

1.5127 

1.1681 

1.2093 

1.2333 

1.2329 

1.2982 

0.9184 

0.5295 

1.5427 

0,4106 

u.2081 

1.4264 

1.4352 

1.2678 

1.7599 

2.3995 
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Table  XX.  Nitrogen  Oxide  Emission  Concentration  Data  (Continued) 


TEST 


4-1A-1 

4-1A-2 

4-1A-3 

4-1 A-4 

4-1A-5 

4-1A-6 

4-1A-7 

4-1 A-8 

4  — 1  A— 9 

4-1A-10 

4-1A-1 1 

4-1A-12 

4-1A-13 

4-1 A— 14 

4-1A-15 

4-1A-10 

4- 1  A- 1 7 

4-1A-1B 

4- 1  A- 1 9 

4-1A-20 

3-1A-1 

3-1A-2 

3-1A-3 

3-1A-4 

3-1 A-S 

3-1 A-A 

2-1A-1 

2-1A-2 

2-1A-3 

2-1A-4 

2-1A-5 

2-2A-1 

2-2A-2 

2-2  A-3 


FA 


0.0062 
0.0084 
0.0039 
0.0102 
0.0080 
0.0039 
0.0102 
0.0061 
0.0085 
0.0125 
0.0166 
0.0206 
0.0064 
0.0104 
0.0163 
0.0124 
0.0166 
0.0208 
0.0146 
0.0075 
0.0072 
0.0092 
0.0124 
0.0144 
0.0042 
0.0133 
0.0059 
0.0091 
0.C132 
0.0162 
0.0196 
0.0040 
0.0060 
C • 0080 


f'.QOA 


i 7 » 5 143 
27.1161 
12.5317 
23.1847 
16.5687 
11.4490 
21.8703 
12.9473 
7.4961 
li.9565 
20.9832 
29.6347 
5.1386 
12.0913 
42.6461 
62,9704 
81.8829 
98.8605 
104.0420 
108.9818 
12.8544 
14.9576 
18,2728 
19.5469 
10.6968 
13.3650 
10.9438 
14.9358 
23.7938 
22.7619 
24.6429 
4.6881 
6.4283 
10.3049 


NCPW 


16.1443 
28.0915 
12.9825 
24.0187 
17.1648 
11.8609 
22,6570 
13.4130 
7 .7554 
12.3866 
21.7380 
30.7007 
5.3235 
12,5262 
44.1802 
65.2357 
84.8285 
102.4168 
107.7847 
112.9022 
13.3168 
15.4957 
18.9302 
20.2501 
11.0816 
13.8458 
11.3375 
15.4731 
24.6498 
23.5807 
25.5294 
4,8568 
6.6595 
11.1936 


NODX 


2.9765 
3.4441 
3.3682 
2.4003 
2,1704 
3.0656 
2.2712 
2c 2367 
0.9295 
1.0152 
1.3496 
1.5364 
0.8363 
1.2306 
2.7767 
5.3788 
5.2485 
5.0785 
7.5898 
15.3154 
1.8685 
1.7146 
1.5706 
1.4478 
2,6842 
1.0658 
1.9436 
1.7389 
1.9180 
1.4957 
1.3473 
1.2318 
1.1246 
1.4215 
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Table  XX.  Nitrogen  Oxide  Emission  Concentration  Data  (Continued) 


TEST  FA  NOOA  NGPW  NGDX 


2-3A-1 

0*0061 

2. 

2-3A-2 

0*0082 

3. 

2-3A-3 

0.0134 

6  . 

2-3A-4 

0.0113 

7. 

2-3A-5 

0.0093 

8  e 

2-3A-6 

0.0081 

3. 

2-3A-7 

%0040 

5. 

2-3A-8 

0.0050 

6  « 

2-3«-9 

0.0060 

7. 

2-lb-l 

0.0039 

3* 

2-1H-2 

J.0086 

4. 

2-1P-3 

0.0158 

6  * 

*-lH-4 

0.01  6 

8. 

2-1H-5 

0.0119 

9. 

2-1D-6 

0.016G 

14, 

2-1H-7 

0.U20G 

2“lb“8 

O.OltoO 

P-1H-9 

0.0200 

8818 

2.9855 

0.4958 

8795 

4,0191 

0.5001 

0736 

6.2921 

0,4818 

7615 

8.0406 

0.7267 

7491 

9.0638 

0.9970 

7778 

3.9137 

0.4902 

0478 

5.2294 

1.3232 

5113 

6.7455 

1.3569 

7687 

8*0461 

1,3553 

8423 

3.9805 

1.0234 

9072 

5.0837 

0,6024 

6832 

6.9236 

0.4510 

6146 

6.9244 

0.4694 

9118 

10*2684 

0,8827 

7978 

15.3301 

0.9837 
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Table  XX.  Nitrogen  Oxide  Emission  Concentration  Data  (Continued) 


TEST 

FA 

*.00  A 

NCJPW 

NUDX 

5-18-1 

0.0040 

8.2721 

8.5697 

2.1776 

5-18-2 

0.0081 

17.6586 

16.2938 

2.2983 

5-18-3 

0.0101 

20.4019 

21.1358 

2.1280 

5-18-4 

0.0061 

14.5134 

15,0355 

2.4978 

5-1 A- 1 

0.0070 

8.3522 

8.6527 

1.2610 

5-1A-2 

0.0087 

14.8075 

15.3402 

1.7904 

5-1A-3 

0.0100 

24.4038 

25.2817 

2.5797 

5-1A-4 

0.0051 

5.4049 

5.5993 

1.1059 

5-1A-5 

0.0060 

5.1130 

5.2969 

0.6881 

5-1A-6 

0.0082 

21.3164 

22.0832 

2.7444 

5-1 A— 7 

0.0071 

12.7318 

13.1898 

1.8780 

5-1 A-B 

0.0060 

9.5260 

9.8687 

1.6586 

5-1A-9 

0.0101 

31.1849 

32.3068 

3.2591 

5-1A-1C 

0.0121 

28.0162 

29.0241 

2.4607 

5-1A-11 

0.0060 

14.2012 

14.7121 

2.4944 

5-1A-12 

0.0049 

10.7295 

11.1155 

2.2813 

5-2A-1 

0.0081 

20.3014 

21.1146 

2 .6568 

5-2A-2 

0.0100 

25.9526 

26.8862 

2.7497 

5-2A-3 

0.0059 

10.0455 

10.4069 

1.7838 

5-2 A-4 

0.0079 

23.9250 

24.7856 

3.1942 

5-2A-5 

0.0068 

17,5156 

18.1457 

2.7018 

5-2A-6 

0.0055 

6.4586 

6.6910 

1.2366 

5-2A-7 

0.0063 

12.7521 

13.2109 

2.1135 

5-3A-1 

0.0083 

19.4522 

20.1520 

2.4802 

5-3A-2 

0.0062 

10.4277 

10.8028 

1.7703 

5-3A-3 

0.0102 

27,0658 

28.0394 

2.8022 

5-3 A-4 

0.0054 

13.0529 

13.5225 

2.5480 

5-3 A-5 

0.0057 

15.3695 

15.9224 

2.8213 

5-3 A-6 

0.0067 

22.3356 

23,1390 

3.4947 

5-4 A- 1 

0.0080 

22.4289 

23.2358 

2.9291 

5-4A-2 

0.0099 

28. 3525 

29.3724 

2.9986 

5-4A-3 

0.0050 

13.0653 

13.5353 

2.7231 

5-4 A-4 

0. 0054 

14,0008 

14.5045 

2.6950 

5-4A-5 

0.0059 

18.3910 

19.0526 

3.2226 
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Table  XX.  Nitrogen  Oxide  Emission  Concentration  Data  (Continued) 


TEST 

FA 

NOOA 

NOPW 

NODX 

5-5A-1 

0.0084 

16.4530 

17.0448 

2.0709 

5-5A-2 

0.0105 

35.0695 

36.3311 

3.5282 

5-5A-3 

0.0073 

15.7437 

16.3101 

2.2638 

5-5A-4 

0.0075 

15.2936 

15.8438 

2.1376 

5-5A-5 

0.0076 

16.7790 

17.3826 

2.3221 

5-5A-6 

0.0078 

17.1948 

17.8133 

2.3073 

5-7A-1 

0.0080 

5-7A-2 

0.0118 

5-7A-3 

0.0157 

5-7A-4 

0.0228 

5-7A-5 

0.0086 

5-7A-6 

0.0043 

5-7A-7 

0.0086 

5-7A-8 

0.0079 

S-7A-9 

0.0050 

5-8A-1 

0.0085 

13.1890 

13,6635 

1.6328 

5-8A-2 

0.0129 

25.6025 

26.5235 

2.1110 

5-0A-3 

0.0173 

30.6088 

31.7099 

1.8852 

5-8A-4 

0.0241 

40.4871 

41.9436 

1.8039 

5-0A-5 

0.0075 

16.8073 

17.4119 

2.3469 

5~fl  A**6 

0.0072 

13.6358 

14.1263 

2.0020 

5-BA-7 

0.0066 

10.6230 

11.0051 

1.6789 

Table  XX.  Nitrogen  Oxide  Emission  Concentration  Data  (Continued) 


TEST 

FA 

N020A 

N02PW 

N02DX 

i 

1-1 A- 1 

0.0039 

1-1A-2 

0.0080 

l-iA-3 

0.0083 

(• 

1-1A-4 

0.0039 

1-1A-5 

0.0122 

1-1A-6 

0.0183 

1-1A-7 

0.0120 

1-1A-8 

0.0121 

1-1A-9 

0. C 123 

1-1A-10 

0.0040 

1-lA-U 

0.0039 

1.8184 

2.8882 

0.7335 

1-1A-12 

0.0027 

1-1A-13 

0.0067 

6.1496 

9.7676 

1.4668 

1-1A-14 

0.0080 

3.1722 

5.0385 

0.6349 

1-1A-15 

0.0060 

4.0696 

6.4640 

1.0865 

1-1A-16 

0.0039 

5.8696 

9.3230 

2.3099 

1-1A-17 

0.0123 

8.6249 

13.6993 

1.1428 

i 

1-1A-18 

0.0165 

12.6161 

20*0387 

1.2482 

1-1A-19 

0.0188 

12.9611 

20.5867 

1.1263 

1-1A-20 

0.0081 

9.1906 

14.5979 

1.6283 

y 

f: 

1-lh-i 

0.0082 

6.1296 

9.7360 

1.1986 

¥ 

i— IB— 2 

0.0038 

5.1633 

8.2012 

2.1663 

I: 

1-1H-3 

0.0122 

9.9832 

15.8568 

1.3322 

-•<1: 

i-;:. 

1-1B-4 

0.0041 

1.7409 

2.7652 

0.6720 

k 

A'S  •. 

1-1H-5 

0.0083 

1*3801 

2.1920 

0,2691 

fc 

1-1B-6 

0.0125 

1-1M-7 

0.0189 

%■ 

1-lB-fi 

0.0200 

4.8286 

7.669$ 

0.3948 

ft- 

1-1B-9 

0.0122 

3.1560 

5.0126 

0.4189 

l-lB-10 

0.0185 

4.6754 

7.4262 

0.4134 

j|'. 

1-iB-il 

0.0084 

2.9554 

4.6942 

0.5694 

1— IB— 1 2 

0*0082 

10.3701 

16.4713 

2.0498 

1— IB— 1 3 

0.0083 

10.6498 

16.9156 

2.0674 

1-1R-14 

0.0084 

10*2311 

16*2505 

1.9735 

si; 
fj/j  ’ 

£:. 

1-10*15 

0.0082 

10.0892 

16.0252 

1.9965 

fk 

1-1B-16 

0.0081 

7,9617 

12*6460 

1.5770 

$■ 

i-ia-17 

0.0061 

7,7470 

12.3049 

2.0278 

1-1B-18 

0.0102 

8.7085 

13.6322 

1.3866 

i- 

1-18-19 

0.0082 

5.5988 

8.6928 

1.1050 

1-1B-20 

0.0062 

4.6590 

7.7178 

1.2709 
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Table  XX,  Nitrogen  Oxide  Emission  Concentration  Data  (Continued) 


TEST 

PA 

N020A 

N02PW 

N02DX 

4-1A-1 

0*0062 

24.6979 

39.2287 

6.4354 

4-1A-2 

0.0084 

26*0380 

41*3574 

5.0705 

4-1A-3 

0*0039 

4“1 A-4 

0.0102 

4-1 A- 5 

0*0080 

17.7627 

28*2133 

3.5675 

4-1A-6 

0*0039 

16.7775 

26*6485 

6.8878 

4-1A-7 

0*0102 

17.0400 

27.0654 

2.7131 

4-1A-8 

0*0061 

19.9336 

31*6614 

5.2846 

4-1A-9 

0*0085 

35.7050 

56.7118 

6.7976 

4«*1A*»10 

0*0125 

73.6254 

116*9425 

9.5846 

4-1A-U 

0*0166 

199*1040 

316.2459 

19.6346 

4-1A-12 

0*0206 

434*6595 

690*3890 

34.5501 

4-IA-13 

0.0064 

45*5441 

72*3398 

11*3646 

4-1A-14 

0*0104 

56.6476 

90*2936 

8.8708 

4-1A-X5 

0.0163 

90.5174 

143*7728 

9.0361 

4-IA-16 

0*0124 

57,6272 

91.5319 

7.5469 

4^1A-17 

0*0166 

84.3219 

133.9322 

8*2867 

4-iA-ie 

0*0208 

112*3058 

178.3803 

8*8453 

4-1A-19 

0*0146 

79*6220 

126*4672 

8,9034 

4-JA-20 

0.0075 

80*7684 

128.2881 

17,4026 

3-1A-1 

0.0072 

20.4125 

32*4221 

4*5494 

3-1A-2 

0.0092 

25.3370 

40.2438 

4,4330 

3-1A-3 

0*0124 

28.2169 

44*6181 

3,7185 

3*»1A**4 

0*0144 

32.1360 

51.0463 

3*6496 

3“lA«S 

0.0042 

27.4441 

43.5907 

10*5586 

3*IA»6 

0,0133 

4 1  1 0  3  0  4 

65.1704 

5.0167 

2~1A,"1 

0,0059 

15.0099 

23.8409 

4,0871 

2-lA *2 

0.0091 

18.2228 

28,9441 

3*2528 

2-1A-3 

0*0132 

26.6288 

42*2957 

3,2911 

2-IA-4 

0*0162 

25.6889 

40.8029 

2.5882 

2**1A“5 

0*0196 

25.8120 

40.9984 

2.163? 

2-2A-1 

0*0040 

8.7U8 

13.8373 

3.5096 

2-2A-2 

0*0060 

12.0056 

19.0691 

3.2203 

2-2A-J 

0.0080 

11.7693 

18.693? 

2.3740 
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Table  XX.  Nitrogen  Oxide  Emission  Concentration  Data  (Continued) 


TEST 

FA 

N020A 

N02PW 

N02DX 

2-34-1 

0*0061 

16.4407 

26*1135 

4.3372 

2-3A-2 

0*0082 

23.1777 

36*8142 

4*5809 

2-3A-3 

0*0134 

79.5245 

126*3123 

9.6730 

2-3A-4 

0*0113 

66*7496 

106*0213 

9*5827 

2 — 3  A — f> 

0*0093 

39*3562 

62*5113 

6*8767 

2-3A-6 

0*0081 

35*8852 

56*9981 

7.1397 

2-3A-7 

0*0040 

12.7187 

20*2017 

5.1119 

2-3A-8 

0*0050 

15*5931 

24.7672 

4.9821 

2-3A-9 

0*0060 

17*6983 

28*1113 

4.7340 

2-18-1 

0*0039 

19*4624 

30*9130 

7*9477 

2-18-2 

0*0086 

22.6597 

35*9914 

4*2647 

2-1B-J 

0*0138 

29*5283 

46*9012 

3*0551 

2-1B-4 

0.0196 

32*6198 

51*8113 

2.7254 

2-18-5 

0.0119 

23.8749 

37.9215 

3*2599 

2-1H-6 

0*0160 

25*1286 

39*9129 

2*5612 

2-18-7 

0.0200 

29.3029 

46*3431 

2*4100 

2-1H-8 

0*0160 

25.2862 

40.1632 

2.5791 

2-1B-9 

0*0200 

29*6693 

47*1568 

2*4364 
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Table  XX, 


Nitrogen  Oxide  Emission  Concentration  Data  (Continued) 


TEST 

FA 

5-1B-1 

0*0040 

5-1B-2 

0*0081 

5-1B-3 

0*0101 

5-16-4 

0*0061 

5-1A-1 

0.0070 

5-1A-2 

0.0087 

5-1A-3 

0*0100 

5-IA-4 

0*0051 

5-1A-5 

0*0060 

5-1A-6 

0*0082 

5-1A-7 

0.0071 

3-1A-0 

0*0060 

5-1A-9 

0.0101 

5-1A-10 

0*0121 

5-iA-U 

0*0060 

5-1A-12 

0.0049 

5-2 A- 1 

0*0061 

3-2A-2 

0*0100 

5-2A-3 

0.0039 

5-2A-4 

0.0079 

5-2A-5 

0*0066 

5-2A-6 

0*0035 

5-2A-7 

0*0063 

5-3A-1 

0.0063 

5-3A-2 

0*0062 

5-3A-3 

0*0102 

5-3A-4 

0*0054 

5-JA-5 

0*0057 

5-3A-6 

0.0067 

5-4A-J 

0*0060 

3-4A-2 

0.0099 

5-4A-3 

0*0050 

3-4A-4 

0*0034 

5-4A-5 

0*0059 

N020A 

N02PW 

14*1342 

22,4501 

40*4526 

64,2527 

26*5051 

42*0992 

19*1095 

30*3524 

3.2611 

5*1798 

5*3754 

8*5381 

7,1054 

11*2658 

4*0101 

6*3694 

2*9791 

4.7318 

6*6169 

10*5100 

3*3086 

5*2353 

2*1661 

3,4406 

9.0709 

14.4077 

11.4507 

16*2003 

2*5144 

3.9936 

2*2121 

3,5136 

8*6106 

13.6767 

12*3839 

19.6700 

6*1666 

9*8266 

9.2327 

14*6963 

7,9790 

12*6735 

6*5981 

10*4601 

7.8799 

12*5160 

10*2304 

16.2494 

7.1373 

11*3366 

13,0839 

20.7849 

6,7670 

10.7403 

7,3612 

12*0090 

8*6638 

13*7611 

8*1736 

12,9626 

12*2853 

19*5134 

5.0059 

7.9311 

3*6340 

9.2664 

7.1910 

11*4231 

N02DX 


5*7040 

8*0724 

4*2388 

5*0424 

0*7549 

1*0009 

1*1515 

1*2581 

0*7933 

1*3081 

0*7482 

0.3782 

1*4534 

1*5431 

0.6771 

0*7211 

1*7209 

2.0117 

1*6843 

1*8940 

1*8870 

1*9369 

2*0023 

1*9996 

1*8378 

2.0772 

2*0233 

2*1280 

2*0783 

1*6366 

1*9921 

1*5996 

1.7217 

1*9322 
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Table  XX. 


TE5T 


5-5A-1 

5-5A-2 

5-5A-3 

5-5A-4 

5-5A-5 

5-5A-6 

5-7A-1 

5-7A-2 

5-7A-3 

5-7A-4 

5-7A-5 

5-7A-6 

5-7A-7 

5-7A-6 

■5-7A-? 

5-$A-l 

5-8A-2 

5-8A-3 

5-BA-4 

5-8A-5 

5-8A-6 

5-8A-7 


Nitrogen  Oxide  Emission  Concentration  Data  (Continued) 


FA 

N020A 

N02PW 

NG2DX 

0.0084 

11.5595 

18.3605 

2.2307 

0.0105 

20.1938 

32.0747 

3.1149 

0.0073 

10.3466 

16.4343 

2.2811 

0.0075 

10.6957 

16.9885 

2.2920 

0.0076 

10.1523 

16.1253 

2.1541 

0.0078 

10.8552 

17.2418 

2.2333 

0.0080 

9.2220 

14.6477 

1.3727 

0.0118 

14.1491 

22.4736 

1.9471 

0.0157 

18.4487 

29.3029 

1.9122 

0.0228 

16.3410 

25.955? 

1.1764 

0.0086 

393.6335 

625.2257 

74.0021 

0.0043 

24.1904 

38.4227 

V  *  068  1 

0.0086 

29.4167 

46.7240 

5.5489 

0.0079 

21.1111 

33.5317 

4.3007 

O.C050 

16.8127 

26.7044 

5.4170 

0.0085 

11.4689 

18.2166 

2.1769 

0.0129 

16.0479 

25.4896 

2.0287 

0.0173 

20.8413 

33.1032 

1.9681 

0.0241 

24.7009 

37.2335 

1*6874 

0.0075 

14,0060 

22*2464 

2.9986 

0.0072 

13.8953 

22.0705 

3.1279 

0.0066 

12.5641 

19.9561 

3.0444 
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Table  XX.  Nitrogen  Oxide  Emission  Concentration  Data  (Continued) 


TEST 


l-U-2 

1-1A-3 

1-IA-4 

1-1A-5 

l-lA-6 

1-1A-7 

1-lA-B 

l-lA-9 

i-lA-10 

i-u-n 

1-1A-12 

i-ia-ij 

1*1A«16 

1-lA-lJ 

l-U-16 

1-lA-lT 

i-ia-18 

1-1A-19 

1-1A-20 

1-18-1 

1-18-2 

1-18-1 

1-18-4 

1-18-5 

1-18-8 

1-18-7 

1-18-8 

1-18-9 

1-18-10 

1-18-11 

1-18-12 

1-18-13 

1-18-18 

1-18-15 

1-18-15 

1-18-17 

1-10-18 

1-18-19 

1-10-20 


FA 


0*0059 

0*0080 

0*0083 

0*0059 

0.0122 

0.0103 

0*0120 

0*0121 

0*0123 

0*0090 

0*0039 

0.0027 

0,0067 

0,0080 

0*0060 

0*0059 

0*0123 

0*0165 

0.0188 

0*0081 

0.0062 

0*0018 

0*0122 

0*0061 

0*0081 

0*0126 

0*0189 

0*0200 

0*0122 

0*0185 

0*0086 

0*0082 

0*008) 

0*0086 

0*0082 

0*0081 

0*0081 

0*0102 

0*0082 

0*0082 


NQXOA 


17,6915 

19*6610 
22*0556 
17*9669 
16*0030 
32*9866 
63*2821 
62*7939 
26*6602 
12*1822 
6* 1158 
17*6733 
3*5378 
13*2717 


27,9532 

17.1960 

27*1865 

10*2635 

16*9776 

22*8362 

13*6982 

11*7019 

19*0025 

16*19^9 

20*8965 

19*2706 

18*9266 


NOXPW 


19.1232 

23*7664 

26*6012 

0*8603 

19*8209 

38*9166 

31.7872 

31*6927 

32.6732 

16*0063 

9*1879 

23*6166 

6*6268 

16*5133 


31*6260 

19*7630 

30.7671 

12*2692 

20.7266 

29.3183 

19.6)21 

17.6959 

26*0899 

21*0163 

26*6386 

23*0366 

22*2892 


NOXOX 


6,8571 

3*5636 

3.1001 

3*5096 

5*0810 

3«2666 

3*2257 

2*8172 

6*0924 

1*9706 

2*6269 

1*9861 

1*1266 

1*7819 


1*6281 

1*6318 

1*7117 

1*6878 

2.5796 

3*6101 

2*3862 

2*2066 

3*00)3 

9*66)1 

2*6366 

2*8630 

3*6705 


Table  XX.  Nitrogen  Oxide  Emission  Concentration  Data  (Continued) 


TEST 


4-1A-1 

4-1A-2 

4-1A-3 

4*1 A-4 

4-1A-5 

4->iA«-6 

4-1A-7 

4-IA-8 

4-1 A *9 

4-l\*10 

4-lA-ll 

4*U*12 

4-1A-1J 

4~iA-l4 

4-IA-15 

4-U-U 

4~J A*l 7 

4-1A-18 

4MA-19 

4-U-20 

3* 1 A  » 1 

i*iA-2 

J-1A-) 

3*1 A»4 

HA-5 

3*1A*6 

2*1A-1 

2**1A»2 

2-U-J 

2’*tA** 

2-U-5 

2-2A-1 

2*2A*2 

2-2A-1 


FA 


0*0062 

0*0084 

0*0039 

0.0102 

0.0080 

0*0039 

0.0102 

0.0061 

0.008$ 

0.0125 

0*0166 

0*0206 

0*0064 

0.0104 

0*0163 

0.0124 

0.0166 

0*0208 

0.0146 

0.0075 

0*0072 

0*0092 

0.0124 

0.0144 

0*0042 

0.0133 

0.00)9 

0.0091 

0.0132 

0.0162 

0.0196 

0.0040 

0.0060 

0.0060 


NQX0A 


42.2122 

53*1541 


34*3315 

28.2266 

38.9103 

32*8609 

43*1912 

85.5619 

220.0873 

464,2942 

$0.6828 

66*9389 

133*1636 

120.5977 

166.2046 

211*1663 

183.6640 

189*7502 

33.2669 

40*2947 

46.4897 

51.6850 

38.1409 

54,3955 

25.9537 

33.1586 

50.4227 

48.4509 

$0.4550 

13*3999 

16*4)40 

22.5743 


NOXP* 


57.3731 

69*4490 


45*3761 
36.5094 
49.7224 
45.0745 
64*4673 
129.3291 
337,9839 
721,0897 
77.6633 
102.8198 
187.9531 
155.7676 
218,7608 
280,7971 
2 34,2519 
241.190) 
45.7389 
55,7396 
63.7483 
71,2964 
54.6723 
79,0163 
35.1784 
44*4172 
66.9456 
64,3837 
66.5279 
18.6941 
25.7287 
29,8874 


NOXDX 


9.4119 

6.5147 


5.7379 

9.9535 

4.9843 

7.5233 

7.7272 

10.5998 

20.9643 

36.0865 

12.2010 

10.1015 

11.8126 

12.925? 

13.5352 

13.9239 

16.4932 

32.7160 

6.4180 

6.1676 

5.2892 

5.0974 

13.2428 

6.0826 

6.0307 

4.9917 

5.2091 

4*0840 

3.5111 

4.7415 

4.3449 

3.7955 
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Table  XX.  Nitrogen  Oxide  Emission  Concentration  Data  (Continued) 


TEST 

FA 

NQX0A 

N0XPW 

NQXDX 

2-3A-1 

0*0061 

19*3226 

29*0991 

4*8331 

2-3A-2 

0*0082 

27*0373 

40*8333 

5*0610 

2-3A-3 

0*0134 

85*5982 

132*6045 

10*1548 

2-3A-4 

0*0113 

74*5111 

114*0621 

10*3095 

2-3A-5 

0*0093 

48*1053 

71.5751 

7,6738 

2-3A-6 

0*0081 

39*6631 

60*9119 

7.6299 

2-3A-7 

0*0040 

1**7665 

25*4311 

6,4351 

2-3A-8 

0.0050 

22.1044 

31*5128 

6,3391 

2-JA-9 

0.0060 

23*4672 

36.1595 

6*0894 

2-18-1 

0*0039 

23.304? 

34,8936 

8,9711 

2-18-2 

0*0086 

27*3669 

41.0752 

4*8671 

2-18-3 

0*0138 

36*2115 

53*8248 

3*5061 

2-18*4 

0*0196 

41.2344 

60*?360 

3.1948 

2-18-5 

0.0119 

33*7867 

48.1899 

4,1427 

2-18-6 

0*0160 

39*9264 

53.2431 

3.5450 
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Table  XX.  Nitrouen  Oxide  Emission  Concentration  Data  (Continued) 


TEST 


5-1B-1 

5-18-2 

5-16-3 

5-16-4 

5-1A-1 

5-1A-2 

5-1A-3 

5-1A-4 

5-1A-5 

5-1A-6 

5-1A-? 

5-lA-f. 

5-1A-9 

5-1A-10 

5-1A-11 

5-1A-1? 

5-2A-1 

5-2 A- 2 

5-2A-3 

5-2A-4 

5-2A-5 

5-2A-6 

5-2A-7 

5-3A-1 

5-3A-2 

5-3A-3 

5-3A-4 

5-3A-5 

5-3A-6 

c -4 A- 1 

5-4A-2 

5-4A-3 

?~4A-4 

5-4A-5 


FA 


0.0040 
0.0081 
0.0101 
0.0061 
0.0070 
0.0087 
-  ,0100 
0.0051 
0.0060 
0.0082 
0.0071 
0.0060 
0,0101 
0.0121 
0.0060 
0.0049 
0.0081 
0.0100 
0.0059 
0  1 0079 
0.0068 
0.0055 
0.0063 
0.0083 
0.0062 
0.0102 
0.0054 
0.0057 
0.0067 
Q.003U 
0.0099 
0.0050 
0.0054 
0.0059 


NQX0A 


22.4064 
5E  c 11 12 
46.9070 
33.6229 
11.6133 
20.1630 
31.5092 
9.4150 
8.0921 
17.9333 
16s0405 
11.6922 
40.2556 
39.4749 
16.7157 
12.9417 
28.9921 
38.3366 
16.2323 
33.1777 
25.49*7 
13.05-8 
20.6320 
29.6827 
17.5651 
40.1517 
19.8199 
22.9307 
30.9994 
30 • 602o 
40.6376 
18.0713 
19*8346 
25.5028 


NQXPW 


31.0198 

82.5466 

63.2350 

45.3880 

13.8325 

23.8783 

36.5676 

11.9688 

10.0288 

32.5932 

18.4451 

13.3093 

46.7145 

47.2245 

18.7059 

14.6292 

34.7913 

46.5562 

20.2337 

39.4822 

30.8193 

17,1712 

25.7269 

36.4014 

22.1395 

48.8244 

24.2705 

27.9322 

36.9002 

36.2184 

48.8858 

21.4865 

23.7709 

30.4757 


NOXDX 


7.8824 
10.3708 
6.3669 
7.5403 
2.0159 
2.7994 
3.7313 
2.3641 
1.6615 
4.0505 
2. 6263 
2.2369 
4.7126 
4.0038 
3.1715 
3.0024 
4.3778 
4.7614 
3.4682 
5.0833 
4,5888 
3.1736 
4.1159 
4.4801 
3.6282 
4.8795 
4.5733 
4.9494 
5.5731 
4,5658 
4.9907 
4.3226 
4,4168 
5.1551 
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Table  XX.  Nitrogen  Oxide  Emission  Concentration  Data  (Continued) 


TEST  FA  NOXOA  NOXPW  NOXDX 


5-5A-1 

0*0084 

28 

5-5A-2 

0.0105 

55 

5-5A-3 

0.0073 

26 

5-5A-4 

0.0075 

25 

5-5A-5 

0.0076 

26 

5-3A-6 

0.0078 

28 

S-7A-1 

0.0080 

5-7A-2 

0.0116 

5-7A-3 

0.0157 

5-7A-4 

0.0228 

5-7A-5 

0.0086 

5-7A-6 

0.0043 

5-7A-7 

0.0086 

5-7A-8 

0.0079 

5-7A-9 

0.0050 

5-8A-1 

0.0085 

24 

3-8A-2 

0.0129 

41 

5-8A-3 

0.0173 

51 

5-8A-4 

0.0241 

65 

5-8A-5 

0.0075 

30 

5-8A-6 

0.0072 

27 

5-8A-7 

0.0066 

23 

0125 

35.4054 

4.3017 

2633 

68.4058 

6.6431 

9906 

32.7444 

4.5449 

9894 

32.8324 

4.4296 

9313 

33.5079 

4.4763 

0500 

35.0552 

4.5407 

6580 

31.8801 

3.8098 

6504 

52.0131 

4.1397 

4502 

64.8132 

3.8534 

1861 

81.1772 

3.4914 

8133 

39.6583 

5.3455 

5311 

36.1969 

5.1300 

1871 

30.9613 

4.7233 
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APPENDIX  XH 


C02  EMISSION  CONCENTRATION  DATA 

Table  XX3  contains  data  on  CO2  emission  concentrations  obtained  during 
tests  on  combustors  A  and  B  during  Phase  II. 
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Table  XXI,  CO2  Emission  Concentration  Data 


TEST  FA 


C02QA  C02PW  C020X 


1-1A-1 

0.0039 

1-1A-2 

0.0000 

1-1A-3 

0.0083 

1-1A-4 

0.-0039 

1-1A-5 

0 .0122 

1-1A-6 

0.0183 

1-1A-7 

0.0120 

1-1  A-8 

0.0121 

1-1A-9 

0.0123 

1-1A-10 

0.0040 

1-lA-li 

0.0039 

1-IA-I2 

0.0027 

1-1A-13 

0.006? 

1-IA-14 

0.0080 

1-1A-I5 

0.0060 

1-1A-16 

0.0039 

1-1A-17 

0.0123 

1-1A-I8 

0.0165 

1-1A-19 

0.0188 

1-1A-20 

0.0081 

1-18-1 

0.0082 

1-10-2 

0.0038 

1-10-3 

0.0122 

1-10-4 

0.0041 

1-18-5 

0.0083 

1-1B-6 

0.0125 

1-18-7 

0.0189 

1-1B-8 

0.0200 

1-10-9 

0.0122 

1-1B-10 

0.0185 

1-18-11 

0.0084 

1-18-12 

0.0082 

1-1B-13 

0.0063 

1-10-14 

0.0084 

1-10-15 

0.0082 

1-10-16 

0.0081 

1-10-17 

0.0061 

1-10-10 

0.0102 

1-10-19 

0.0082 

1-10-20 

0.0062 
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Table  XXI.  CO2  Emission  Concentration  Data  (Continued) 


TEST  FA  C020A  C02PW  C02DX 


4-1A-1 

0*0062 

1  t 

4-1A-2 

0*0084 

1* 

4-1A-3 

0*0039 

4-1A-4 

0*0102 

4-1A-5 

0*0080 

1* 

4-1A-6 

0*0039 

0* 

4-1A-7 

0*0102 

2* 

4-1A-8 

0*0061 

1* 

4-1A-9 

0*0083 

1* 

4-1A-10 

0*0125 

2* 

4-1A-11 

0*0166 

2* 

4-1A-12 

0*0206 

3* 

4-1A-13 

0*0064 

0* 

4-1A-14 

0*0104 

1* 

4-1A-1S 

0*0163 

2* 

4-1A-16 

0*0124 

2* 

4-1A-17 

0*0166 

3* 

4-1A-18 

0*0208 

3* 

4-1A-19 

0*0146 

2* 

4-1A-20 

0*0075 

1* 

3-1A-1 

0.0072 

1* 

3-1A-2 

0*0092 

1* 

3-1A-3 

0*0124 

2, 

3-1A-4 

0*0144 

3* 

3-1A-5 

0*0042 

1* 

3-1A-6 

0*0133 

2* 

2-1A-1 

0.0059 

1* 

2-1A-2 

0*0091 

1* 

2-1A-3 

0*0132 

2* 

2-1A-4 

0*0162 

3* 

2-1A-5 

0*0196 

3* 

2-2A-I 

0*0040 

0* 

2-2A-2 

0*0060 

1* 

2-2A-3 

0*0080 

1* 

2853 

1*9524 

3202*8808 

6718 

2*5395 

3113*5874 

9056 

2*8947 

3660*3750 

8269 

1.2562 

3246*9453 

0051 

3*0459 

3053*3120 

2171 

1*8489 

3085*9921 

3736 

2*0866 

2501*1259 

1256 

3*2288 

2646*3798 

7409 

4*1635 

2584*9858 

6281 

5*5112 

2758*0546 

9168 

1*3926 

2187*8676 

6152 

2*4536 

2410*5932 

7687 

4.2057 

2643*3061 

3349 

3*5467 

2924*3784 

0432 

4*6227 

2860*1801 

8787 

5*8919 

2921*6269 

7553 

4*1853 

2947*2060 

0788 

1*6388 

2223*1611 

3791 

2*0950 

2939*6919 

7147 

2*6046 

2882*1206 

2645 

3*4398 

2854*0615 

0708 

4*6646 

3335*0542 

1082 

1*6634 

4077*6821 

7521 

4*1806 

3218*2128 

2774 

1*9404 

3326*5996 

9606 

2*9782 

3347*0361 

7899 

4*2379 

3297*5986 

2031 

4*8656 

3086*3623 

7462 

5*6907 

3003*3642 

9369 

1*4232 

3610*0371 

1999 

1*8227 

3078*2421 

5670 

2*3804 

3023*0195 

2U1 


Table  XXI.  CO2  Emission  Concentration  Data  (Continued) 


TEST 


2-3A-1 

2-3A-2 

2-3A-3 

2-3A-4 

2-3A-5 

2-3A-6 

2-3A-7 

2-3A-8 

2-3A-9 

2-1B-1 

2-1B-2 

2-16-3 

2-16-4 

2-16-5 

2-1B-6 

2-16-7 

2-1B-6 

2-18-9 


FA 


0*0061 

0*0062 

0*0134 

0*0113 

0*0093 

0*0061 

0*0040 

0*0050 

0*0060 

0.0039 

0*0066 

0.0158 

0*0196 

0*0119 

0*0160 

0*0200 

0*0160 

0*0200 


C020A 


1*0971 

1*4523 

2*5094 

1*9502 

1*5766 

1*6676 

0*6466 

0*8538 

1*0738 

0.7851 

1.6775 

3.1121 

4.0474 

2*4946 

3*3083 

4.0507 

3*2901 

4*0945 


C02PW 


1*6665 

2.2061 

3*8118 

2.9625 

2*3953 

2*5638 

0.9853 

1.2970 

1*6312 

1*1926 

2.5482 

4.7274 

6.1481 

3.7893 

5.0254 

6.1532 

4.9978 

6*2196 


C020X 


2767.9926 

2745.2251 

2919.1298 

2677.6850 

2635.0336 

3211.4936 

2493,4223 

2609*0810 

2747.0507 

3066.1850 

3019.5253 

3079,4682 

3234.0766 

3257.5927 

3224.9082 

3186.2202 

3209.4458 

3213,5595 


Table  XXI.  C02  Emission  Concentration  Data  (Continued) 


I 


I 

I 


I 


r 

t 

r 

I. 

£,■ 


1 


I 


tv' 

C' 


L. 


TEST 

FA 

5- IB- 1 

0.0040 

3-18-2 

0.0081 

5-18-3 

0.0101 

5-18-4 

0.0061 

5-14-1 

0.0070 

S-1A-2 

0.0087 

3-1A-3 

0.010Q 

5-1A-4 

0.0051 

5-1A-5 

0.0060 

5-IA-6 

0.0082 

5-1A-7 

0.0071 

5-1A-8 

0.0060 

5-1A-9 

0.0101 

5-1A-1Q 

0.0121 

5-1A-11 

0.0060 

5-1A-12 

0.0049 

5-2A-1 

0.0081 

5-2A-2 

0.01QQ 

3-2A-3 

0.0059 

5-2A-4 

0.0079 

3-2A-3 

0.0068 

5-2 A- 6 

0.0055 

5-2A-7 

0.0063 

3-3A-1 

0.0083 

3-3A-2 

0.0062 

3-3A-3 

0.0102 

5-3A-4 

0*0054 

3-3A-5 

0.005? 

3-3A-6 

0.0067 

5-4A-1 

0.0080 

5-4A-2 

0.0099 

3-4A-3 

0.0050 

5-4A-4 

0.0054 

5-4A-5 

0.0059 

CQ2QA 

CQ2PW 

0.6772 

1.3325 

1.6890 

2.5656 

2.0244 

3.0751 

1.3235 

2.0105 

1.4013 

2.1286 

1.7206 

2.6136 

1.8149 

2.7569 

1.0144 

1.5410 

1.1106 

1.6870 

1.7504 

2.6590 

1.5456 

2. 3475 

1.3264 

2.0149 

2.1086 

3.2030 

2.4455 

3*7148 

1.2816 

1.9468 

1.0771 

1.6361 

1.6397 

2.3212 

1.9637 

2.9829 

1.2432 

1.8883 

1.583? 

2.403? 

1.4295 

2.1714 

1.1498 

1.7466 

1.3364 

2.0300 

1.6703 

2.5372 

1.3003 

1.9751 

2.0110 

3.0548 

1.2270 

1.8638 

1.2862 

1.9338 

1.4696 

2.2324 

1.6941 

2.5735 

2.0137 

3.0589 

1 . 1 6  ?  9 

1.7741 

1.1599 

1.7619 

1.2662 

1.9233 
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C020X 


3386.1196 

3223.6199 

3096*2324 

3360.0664 

3102.343? 

3064.1704 

2813.1833 

3043.8129 

2828.6079 

3304.3268 

3342.6416 

3386.633? 

3231*3232 

3149.3393 

3300.7939 

3338.0434 

3172.3381 

3030.7211 

3237.033? 

3100*4336 

3233.1899 

3228.1977 

3247.7309 

3122.678? 

3236.9809 

3053.0107 

3512.1167 

3662*0971 

3371.6933 

3246.2631 

3122*8393 

3369.4721 

3273.8735 

3253.7294 


Table  XXI.  C02  Emission  Concentration  Data  (Continued) 


TEST 

FA 

C020A 

CQ2PW 

CG2DX 

5-5A-1 

0*0084 

1.8106 

2.7304 

3341.6953 

5-5A-2 

0.0105 

2*2001 

3.3421 

3245.6899 

5-5A-3 

0.0073 

1.4964 

2.2731 

3155.2333 

5»5A«»4 

0.0075 

1.5306 

2.3231 

3136.9780 

5-5A-5 

0.0076 

1.5326 

2.3584 

3150.6787 

5-5A-6 

0.0078 

1.6834 

2.3572 

3312.4330 

5-7A-1 

0.0080 

1.5161 

2.3030 

2944.3623 

5-7A-2 

o.ons 

2.2916 

3.4809 

3015*9443 

5-7A-3 

0.0157 

3.0356 

4,6111 

3009.1167 

5-7A-4 

0.0228 

4.3952 

6.6763 

3026.1489 

5-7A-5 

0.0086 

1.5520 

2.3576 

2790.4833 

5-7A-6 

0.0043 

0.7978 

1.2119 

2860.3036 

5-7A-7 

O.OOS6 

1.5750 

2,3925 

2841.3642 

5-7A-8 

0.0079 

1.6405 

2.4919 

3196.2172 

5-7A-9 

0.0030 

1*1442 

1.7381 

3325.8193 

5-8A-1 

0.0083 

1,8731 

2.8453 

3400.3813 

5-8A-2 

0.0129 

2.7388 

4,1907 

3335.3999 

5-8A-3 

0.0173 

3.5725 

3.4268 

3226.4687 

5-8A-4 

0.0241 

3*0232 

7,6304 

3281.8261 

3-8A-5 

0,0073 

1,8338 

2.8160 

3795.7065 

3-8A-6 

0.0072 

1.7741 

2.6950 

3819.3463 

S-8A-7 

0.0066 

1.6695 

2.3360 

3868.8598 
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APPENDIX  XIII 


h2o  EMISSION  CONCENTRATION  DATA 

Table  XXII  contains  data  on  II2O  emission  concentrations  obtained  during 
tests  on  combustors  A  and  B  during  Phase  II. 
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I 


Table  XXII.  H2O  Emission  Concentration  Data 

l 


( 

) 

TEST 

FA 

H200A 

H20PW 

H2O0X 

1-1A-1 

0.0039 

i 

1-1A-2 

0.0080 

i 

1-1A-3 

0.0083 

1 

1-1A-4 

0.0039 

1 

1-1A-5 

0.0122 

1 

1-1A-6 

0.0183 

1 

1-1A-7 

0.0120 

I 

1-1 A-0 

0*0121 

1 

I-IA-9 

0.0123 

1 

1-U-iQ 

0.0040 

2.7317 

1.6990 

4255.3507 

1" 

1-lA-ll 

0.0039 

2.1584 

1.3425 

3409.5068 

1-1A-12 

0.002? 

2.3087 

1.3603 

5672.2156 

1’ 

1-lA-l) 

0.006? 

2.409? 

1.4987 

2250.7060 

1-1A-14 

0.0080 

3.4491 

2.1452 

2703.3730 

K 

5- 

1-IA-13 

0.0060 

3.1491 

1.93CN 

3298.4272 

1-1A-16 

0.0039 

2.8537 

1.7749 

4549.9343 

I':- 

1-1A-I7 

0.0123 

4.1118 

2.5374 

21)3.5444 

1-1A-18 

0.0163 

4.3680 

2.7168 

1692.2810 

I 

1-1A-19 

0.0168 

4.9532 

3.0807 

1685.5827 

Jr 

i. 

1-IA-J0 

0.0081 

3.1053 

1*9315 

2419.2063 

1*16-1 

0.0082 

4*0210 

2.3009 

3079.0561 

1-18-2 

0.0038 

2.4708 

1.5367 

4059,3533 

1-18-3 

0.0122 

5.0583 

3.1461 

2643.2661 

- 

1-18-4 

0.0041 

2.8138 

1.7501 

4253.2998 

l 

i-ia-5 

0.008) 

3*9929 

2.4834 

3049.1213 

r 

b 

1-18-6 

0.0125 

4.826? 

3.0021 

2459.3087 

:■ 

1-18-7 

0.0189 

5.3950 

3.3555 

1836.1389 

1; 

1-18-8 

0.0200 

4.3691 

2.8419 

1463.0813 

t  ■ 

I 

1-18-9 

0.0122 

4.0104 

2.4944 

2004.9439 

L 

1-18-10 

0.0185 

4.1316 

2.5697 

1430.6152 

1. 

1-18-11 

0.0084 

4.0042 

2.4905 

3021.2280 

b 

l-iB-12 

0.0082 

4.4512 

2.7685 

3445.9009 

% 

6 . 

1-1B-13 

0.0083 

4.4335 

2.7573 

3370,1928 

1-18-16 

0.0084 

5.7865 

3.5990 

4370.9249 

l 

* 

1-18-13 

0.0082 

3.7619 

3.3837 

4464.9150 

s? 

S 

1-18-16 

0.0081 

4.6694 

2.904 2 

3621.9939 

p- 

1-18-1? 

0.0061 

3.3629 

2.2160 

3652.0297 

1  ■ 

1-18-18 

0.0102 

3.9502 

2(4569 

2466.9950 

r 

1-18-19 

0.0082 

3*7716 

2.3498 

2914.9692 

I 

1-18-20 

0.0062 

4.2626 

2.6912 

4365.9453 
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Table  XXII.  H2O  Emission  Concentration  Data  (Continued) 


TEST 

FA 

H2QOA 

H20PW 

4-1A-1 

0.0062 

4.4342 

2.7579 

4-1A-2 

0.0084 

4.7521 

2.9556 

4-1A-3 

0.0019 

4-1A-4 

0.0102 

4-1A-5 

0.0080 

4-1 A -6 

0.0019 

4-1A-7 

0.0102 

4-IA-8 

0.0061 

4-1 A -9 

0.0065 

4-1A-10 

0.0125 

4-1A-11 

0.0166 

4-1A-12 

0*0206 

4-1A-13 

0.0064 

4-IA-14 

0.0104 

4-1A-19 

0.0161 

4-1A-16 

0.0124 

4-1A-17 

0.0166 

4-IA-16 

0.0208 

4-1A-19 

0.0146 

4-1A-20 

0.0075 

3-1A-1 

0.0072 

1-1A-2 

0.0092 

3-1A-J 

0.0124 

3— 1A— 4 

0.0144 

1-1 A-5 

0*0042 

3-1A-6 

0.013$ 

2-u-i 

0.0059 

2-1A-2 

0.0091 

2-IA-3 

0.0132 

2* IA-4 

0.0162 

2-1A-3 

0.0196 

2*24-1 

0.0040 

2-2A-2 

0  p  0060 

2-2A-3 

0.0080 

M20DX 


4524.3935 

3623*7627 
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Table  XXII.  ,I20  Emission  Concentration  Data  (Continued) 


TEST  FA 


H200A  H20PW  H20DX 


2-3A-1 

2-3A-2 

2-3A-3 

2-3A-6 

2-3A-5 

2-3A-6 

2-3A-7 

2-3A-8 

2-3A-9 

2-18-1 

2-1H-2 

2-18-J 

2-18-* 

2-18-3 

2-18-6 

2-18-7 

2-16-8 

2-18-9 


0*0061 
0*0082 
0*0136 
0*0113 
0*0093 
0*0081 
0*0060 
0,0050 
0*0060 
0*0039 
0*0086 
0*0138 
0*0196 
0*0119 
0*0160 
0.0200 
0*0 160 
0.0200 


23a 


Table  XXTI.  H2O  Emission  Concentration  Data  (Continued) 


TEST 

FA 

H20QA 

M20PW 

H20DX 

5"5A»1 

0.0084 

4.0724 

2.5329 

3077.5053 

5-5A-2 

0.0105 

4.6000 

2.8611 

2776.5466 

5-5A-3 

0.0073 

4.0929 

2.5436 

3533.4404 

5-5'  ' 

0.0075 

4.1776 

2.5994 

3505.6926 

5-5A-5 

0.0076 

4.1479 

2.5799 

3446.5195 

5-5A-6 

o.oon 

4.1684 

2.5050 

3374.3564 

5-7A-1 

0.0080 

3.7079 

2.3062 

2948.5341 

5-7A-2 

0.0118 

4.3813 

2.7230 

2361.0219 

5**7A~3 

0. J137 

4.8579 

3.0215 

1971.7475 

5-TA-4 

0.0228 

4.8022 

2.9668 

1353.8017 

5-7A-5 

0.0086 

3.4330 

2.1332 

2527,3154 

5*7A«6 

0.00*3 

3.0346 

1.6674 

4434,5906 

5-7A-7 

0.0086 

3.3103 

2.0369 

2445,1977 

S*7A«S 

0.0079 

3.6294 

2.2573 

2895.3149 

5-7A-9 

0.0050 

3.4866 

2.1696 

4401.5556 

5-8** 1 

0.0065 

3.9646 

2.4658 

2946,6525 

5-6A-2 

0.0128 

4.3736 

2.7202 

2165,0629 

5«*A'J 

0*0173 

4.5400 

2.6237 

1676.6613 

0.02«1 

4.6938 

2.9206 

1256.1626 

5«$A»5 

0.0075 

4.4238 

2.7527 

3710.4199 

5*6A*fc 

0.0072 

4.4172 

2.7473 

$893*7710 

5-6**7 

0.0066 

4.3310 

2.6936 

4109.5916 

300 


APPENDIX  XIV 


PERFORMANCE  PARAMETERS 


Table  XXIII  contains  derived  performance  parameters  in  tabular  form  for 
tests  conducted  using  combustors  A  and  B.  The  parameters  listed  are  FA, 
PSAR,  PHIP,  PSFR,  and  PRINT. 
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Table  XXI II.  IVri'ormanct'  I'aramotcrK 


TEST 

FA 

lJSAR 

PH  IP 

1-1A-1 

0,0039 

0.130C 

0.1236 

- 

1—1 A" 2 

0.3080 

0.1300 

0.2527 

1-1A-3 

0.0083 

Or  8600 

0 . 2606 

- 

1-1A-4 

0.0039 

0.8600 

0.1250 

M 

H 

1 

> 

1 

0.0122 

0.8600 

0.3828 

— 

i-lA-ft 

0.0183 

0.8600 

0.5755 

*— 

1 

> 

1 

"J 

0.0)20 

0.8600 

0.3796 

1-1 A-8 

0.0121 

0.8600 

0.3833 

** 

l.-l  A -9 

0.0123 

0.8600 

0.3875 

1-1A-L0 

0.0040 

0.8600 

0.1275 

— 

l  —  1 A  —  1  1 

J • 0039 

0.8600 

0.1258 

- 

1-1A-12 

0.0027 

0 .8600 

0.0378 

1-1A.-13 

0.0067 

J  .  8  6 00 

0.2133 

“ 

1-1A-14 

0.0080 

0.8600 

0.2546 

- 

1-1A-1& * 

0.00 60 

0 .8600 

0.1901 

1-1  A- l  fa' 

0.0039 

0.8600 

0.1246 

i -1A-1  7 

0.0123 

0.8600 

0,3861 

- 

1-iA-ie 

0.0 165 

0.8600 

0.5193 

1  - 1 A  -IS? 

0.0138 

0.8600 

0.5926 

1-1 A -20 

0.0081 

0.8600 

0.2561 

- 

1-1 b"i 

0.0082 

0.8600 

0.2606 

* 

i-lh-2 

0.0038 

0.8600 

0.1209 

“ 

l-lr‘-3 

0.0122 

0.860C 

0.3834 

1-18-4 

0 . 0  0  A 1 

0.8600 

0.1315 

mm 

1-18-5 

0.0083 

0.8600 

0.2613 

- 

1-18-6 

O.C125 

0.8600 

0.3933 

1  “  1  r '  “ 

0.0189 

0.8600 

0.5925 

mm 

1—16—8 

0.0200 

0.8600 

0.6305 

mm 

1-16—9 

0.0122 

0.8600 

0.3854 

mm 

1-1H-10 

0.0186 

U  .8600 

0.5822 

mm 

1-lti-ll 

0.00BA 

0.8600 

0.2645 

— 

1  —  1  n — 1 2 

0.0082 

0.8600 

0.2578 

mm 

1  - 1 14  - 1 3 

0.0083 

0.8600 

0.2625 

1-16-14 

0.0084 

0.8600 

0.2642 

1  —  l  M  —  1  5 

0.0082 

0.8600 

0.2575 

1-lH-lh 

0.0081 

0.8600 

0.2573 

•em 

1-16-17 

0.0061 

0.8600 

0.1943 

“ 

1-16-18 

0.0102 

0.8600 

0.3202 

** 

1-1H-1V 

0.0082 

0.8600 

0.2582 

m 

1-16-20 

0.0062 

0.8600 

0.1944 

m 

Phi  .NT 


Table  XXIII.  Performance  Parameters  (Continued) 


TEST 

FA 

P  5  A  R 

PH  IP 

PSFH 

PH  I  iN  T 

4-iA-l 

0,0062 

0.13C0 

0.7643 

m 

4-1A-2 

0*0034 

0.1300 

1.0248 

- 

4—1 A— 3 

3 » 0039 

0.1300 

0.4822 

V 

mm 

4—1 A— 4 

0.0102  ' 

0*1300 

1.2554 

- 

4— 1 A~5 

0  «  0  0  8  0 

O.130Q 

0.9934 

mo 

A-lA-6 

0.0C39 

0.1300 

0.4840 

- 

4-1A-? 

0.0102 

0.1300  - 

1.2557 

mm 

4-1 A“8 

0.0061  • 

0*1300 

0,7511 

- 

4-1A-9 

0 . 0086 

0.1300 

0.5082 

0.9408 

0.1831 

4-1A-10 

0,0125 

0.1300 

0.4991 

0.4798 

0.3516 

4-1A-11 

0.0166 

0.1300 

0.4967 

0.3218 

0.5212. 

4-1A-12 

0.02C6 

0.1300 

0.4996 

0.2447 

0.6901 

4-1A-13 

0.0064 

0.1300 

0.4980 

1.6580 

0.1014 

4-lA-j  4 

0,0104 

0.1300 

0.9836 

3.3018 

0.1204 

4- 1  A- 1  5 

0.0163 

0.1300 

0.4944 

0.3251 

0.5131 

4-1A-16 

0.0124 

0.1300 

0.9952 

1.8609 

0.2171 

4— 1 A— 1 7 

0.0166 

0.1300 

1.0057 

0.9655 

0.4248 

4-1A-1B 

0.0208 

0.1300 

1.0057 

0.6449 

0.6359 

4-1A-19 

0.0146 

0.1300 

1.2497 

2.2904 

0.2471 

4-1A-20 

0.0075 

0,1300 

0.3799 

0.6963 

0.1772 

3-1A-1 

0 . 0072 

0.2100 

0.5997 

- 

3-1A-2 

0.0092 

0,2100 

0.7620 

mm 

3-1A-3 

0.0124 

0,2100 

1.0193 

mm 

3“ 1  A— 4 

0.0144 

0.2100 

1.1852 

- 

3-1A-5 

0,0042 

0.2100 

0 , 3463 

mm 

3*1  A-6 

0,0133 

0.2100 

0.7660 

2.2954 

0.2357 

2-1A-1 

0.0059 

0,3100 

0.3671 

- 

2-1A-2 

0.0091 

0.3100 

0.5618 

- 

2-1 A-3 

0.0132 

0,3100 

0.8146 

mm 

2-1 A-4 

0.0162 

0.3100 

1.0023 

- 

2-1A-5 

0.0196 

0.3100 

1.2086 

- 

2-2  A- 1 

0.0040 

0.3100 

0.2476 

mm 

2-2A-2 

0.0060 

0.3100 

0.3727 

mm 

2-2 A-3 

0.0080 

0.3100 

0.4966 

- 
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Table  XXIII.  Performance  Parameters  (Continued) 


TEST 

FA 

PSAS 

PHIP 

PSFR 

PMINT 

2-3A-1 

0*0061 

0.3100 

0.3790 

m 

2-3A-2 

0.0082 

0.3100 

0.5069 

- 

2-3A-3 

0.0134 

0.3100 

0.8279 

- 

2-3A-4 

0.0113 

0.3100 

0.7000 

- 

2-3A-5 

0.0093 

0.3100 

0.5740 

- 

2-3A-6 

0.0081 

0.3100 

0.5035 

- 

2-3A-7 

Q .0040 

0.3100 

0.2482 

- 

2-3A-8 

0.0050 

0.3100 

0.3126 

Ml 

2-3A-9 

0.0060 

0.3100 

0.3738 

2-19-1 

0.0039 

0.3100 

0.2443 

- 

2-19-2 

0.0096 

0.3100 

0.3756 

2.3927 

0.1352 

2-19-3 

0.0158 

0.3100 

0.3763 

0.6278 

0.5167 

2-19-4 

0.0196 

0.3100 

0.3751 

0.4479 

0.7213 

2-19-5 

0.0119 

0.3100 

0.5031 

2.1558 

0.2259 

2-19-6 

0.0160 

0.3100 

0.5072 

1.0493 

0.4697 

2-1B-7 

0.0200 

0.3100 

0.5079 

0.7013 

0.7044 

2-19-8 

0.0160 

0.3100 

0.7562 

3.2359 

0.2996 

2-19-9 

0.0200 

0.3100 

0.7556 

1.5762 

0.6142 
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Table  XXIII.  Performance  Parameters  (Continued) 


TEST 

FA 

FSAK 

PHIP 

PSFk 

5-1 H- 1 

0.C040 

0.1300 

0.4923 

m 

5-1P-2 

0.0081 

0.1300 

0.9999 

- 

5-1H-3 

0.0101 

0.1300 

1.2501 

- 

5-1H-4 

0.0061 

0.130C 

0.7547 

mm 

5-lA-l 

0.0070 

0.1625 

0.7264 

- 

5-1A-2 

0.0087 

0.1613 

0.9104 

- 

5-1A-3 

0.0100 

0.1638 

1.0337 

m 

5-1A-4 

0.0051 

0.1608 

0.5401 

- 

5-1 A~5 

0.0060 

0.1608 

0.6367 

- 

5-1A-6 

0.0082 

0.1636 

0.8480 

- 

5-1A-7 

0.0071 

0.1643 

0.7368 

- 

5-1A-8 

0.0060 

0.1609 

0.6347 

- 

5-1A-9 

0.0101 

0.1618 

1.0566 

- 

5-1A-10 

0.0121 

0.1617 

1.2605 

- 

5-1A-11 

0.0060 

0.1628 

0.6230 

- 

5-1A-12 

0.0049 

0.1621 

0.5161 

5-2A-1 

0.0081 

0.1761 

0.7864 

mm 

5-2A-2 

0.C100 

0.1730 

0.9842 

- 

5-2A-3 

0.0059 

0.1738 

0.5826 

m 

5-2A-4 

0.0079 

0,1746 

0.7735 

- 

5-2A-5 

0.0063 

0.1740 

0.6708 

mm 

5-2 A-6 

0.0055 

0.1742 

0.5390 

am 

5-2A-7 

0.0063 

0.1746 

0.6220 

- 

5-3A-I 

0.0033 

0.1799 

0.7898 

mm 

5-3A-2 

0.0062 

0.1793 

0.5937 

m 

5-3A-3 

0.0102 

0.1780 

0.9834 

" 

5  -  3  A  « i- 

0.0054 

0.1798 

0.5146 

am 

5-3A-5 

0.0057 

0.1791 

0.5493 

mm 

5-3 A-6 

0.0067 

0.1797 

0.6432 

- 

5-4 A- 1 

0.0080 

0. 1740 

0.7931 

mm 

5-4A-2 

0.0099 

0,1736 

0.9830 

•* 

5-4A-3 

0.0050 

0.1737 

0.4961 

- 

5-4A-4 

0.0054 

0.1738 

0.5371 

- 

5-4A-5 

0.0059 

0.1733 

0.5918 

- 

Phi  NT 


305 


■;:  r/wtalT  aiatf  (iv  la,.*  -. ,-. 


Table  XXIII.  Performance  Parameters  (Continued) 


TEST 

FA 

t-’SAR 

PHIP 

psfk 

5-5A-I 

0.0084 

0.1647 

0,8628 

5-5A-2 

0.0105 

0.  1646 

1.0821 

*• 

5-5A~3 

0.0073 

0.1652 

0.7525 

5-5 A-4 

0.0075 

0.1653 

0.7741 

.  -  ' 

5-5A-5 

0.0076 

0.1651 

0.7825 

- 

5-5A-6 

0,0078 

0.1649 

0.8080 

■  - 

5-7A-1 

0.0080 

0.8531 

0.2518 

5-7A-2 

0.0118 

0.8533 

C. 3729 

5-7A-3 

0.0157 

0.3545 

0 . 49  6  6 

5-7A-4 

0,0228 

0.8551 

0.719? 

mt 

3-7A»5 

0,0086 

0.8538 

■  0.2720 

‘  * 

5-7A-6 

0.0043 

0.8534 

0.1358 

5-7A-7 

0.0086 

0.8537 

0.2711 

■  m 

5-7A-8 

0,0079 

0.8543 

0.2508 

'  ■- 

5-7A-9 

0.0050 

0.8545 

0.1581 

*• 

5-8A-1 

0.0085 

0.3141 

0.5191 

- 

5-8A-2 

0.0129 

0.3134 

0.7840 

m 

5-8A-3 

0.0173 

0.3136 

1.0536 

- 

5-8A-4 

0.0241 

0.3148 

1.4618 

- 

5-8A-5 

0.0075 

0.3088 

0.4657 

- 

5-8A-6 

0,0072 

0.3092 

0 .4424 

«■» 

5-8A-7 

0.0066 

0.3091 

0,4108 

- 
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